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Recent development of powder and single-crystal diffraction techniques has 
made a silent revolution in the field of high-pressure (HP) crystallography. Long 
known to exist HP phases of elements are now being revisited and revised using 
these advanced diffraction techniques with synchrotron radiation. The HP phases of 
alkali and alkaline-earth elements have been shown to have complex crystal 
structures of new structure types: modulated layer stacking structures have been 
reported for Rb and Cs, and incommensurate host-guest structures have been 
discovered in Ba, Sr and Rb. These discoveries of new forms of atomic arrangement 
in elements have contributed to developments in the theory of electronic structure of 
materials. 
The work presented in this thesis applies advanced high-resolution powder 
diffraction techniques in combination with novel single-crystal diffraction 
techniques, recently developed in the Edinburgh High-Pressure Group, to studies of 
complex HP phases of group-V elements and Ga. 
The HIP phases Bi-Ill and Sb-TI, a subject of many experimental studies in the 
past and present, are shown to have an incommensurate host-guest structure, similar 
to that found in alkaline-earth elements. The basic host-guest structure is shown to be 
modulated, and a single-crystal diffraction study of Bi-111 has revealed the true form 
of the modulation between the host and guest components. From HP powder 
diffraction studies of Sb, a new incommensurate host-guest phase Sbll*  is 
discovered, and a novel incommensurate to incommensurate phase transition is 
observed. The HP phase As-111 is solved from powder diffraction data as a 
modulated incommensurate host-guest structure, and is shown to be the same as Sb-
JJ* Four-dimensional formalism is applied to the crystallographic description of 
these incommensurate phases. 
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The group-III element Ga is known to have a complex HP behaviour with 
metastable effects and several phase transitions. The structure of the HP phase Ga-il 
was long believed to be cubic with 12 atoms in the unit cell but is shown from single-
crystal diffraction data to be orthorhombic with 104 atoms in the unit cell. A new HP 
phase is discovered to be stable in Ga above the Ga-il phase, and its structure is 
solved from powder diffraction techniques as rhombohedral with 6 atoms in the unit 
cell, which represents a new structure type of an element. A revised phase diagram of 
Ga is proposed. 
Finally, the present theoretical picture of formation and stability of these 
complex structures in elements is discussed. 
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1.1 Crystal structure of elements at high-pressure 
Pressure has a dramatic effect on the physical properties of materials, turning 
matter into a more condensed state and causing a reduction of the interatomic 
distances. Under pressure, transitions take place in both the electronic and crystal 
structures. Many insulators and semiconductors become metallic under pressure. 
Diamond can be synthesised from graphite if the necessary pressure - temperature 
conditions are achieved, the search for which made for a remarkable competition in 
the first half of the 201h  century (Hazen 1999). The simplest element hydrogen, a 
molecular gas at ambient conditions, is believed to be metallic at very high pressure, 
and evidence for metallisation has been observed for solid hydrogen above 2.5 Mbar 
(2.5 million atmosphere) (Mao and Hemley 1989) and a metallic fluid hydrogen has 
been reported at 14 Mbar and 3000K (Nellis et a! 1999). 
1.1.1 The aim of high pressure studies 
Most of the matter in the universe is maintained at very high-pressures. The 
greatest depths in oceans sustain pressure in the range of —1000 atmospheres (1 kbar) 
while the pressure at the centre of a neutron star reaches 1029  atmospheres. There are 
three major applications of high-pressure studies. The first and primary function of 
high-pressure experimentation is to better understand the world around us, and to 
describe the physics of the atomic bonding of the materials existing in our universe. 
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Secondly, the ability of pressure to change the chemical bonding of materials 
provides a way of creating new substances that cannot be found at ambient 
conditions on our planet. High-pressure synthesis has given many new materials, 
such as superhard materials, new superconductors, new magnetic materials. Pressure 
makes many elements superconducting, including solid 02 (Shimizu et al 1998). It 
even turns the magnetic element Fe into a superconductor (Shimizu et al 2001). A 
third important application of the pressure variable is to use it to vary the magnetic, 
superconducting, structural, electronic and other properties of matter to test 
theoretical models of bonding properties and electronic structure. The knowledge of 
the crystal structure of materials is a basis for understanding the bonding properties 
of materials and gives a starting point for theoretical calculations of electronic 
structure. To understand the properties of complex materials, one really needs to 
have a complete picture of the basic constituents, that is, pure elements. This makes 
the experimental diffraction studies of the crystal structure of elements under high-
pressure very important. 
1.1.2 Development of high-pressure experimental techniques 
The development of high-pressure techniques was stimulated by the interest 
in modelling the conditions inside our planet and gradually moved toward attaining 
higher and higher pressures. At the same time much effort has been put into the 
development of accurate methods for the determination of crystal structures under 
high-pressure. As a subject for high-pressure studies, elements have always 
represented a fundamental interest. With the achievement of higher pressures, or the 
development of more accurate measurement techniques, the methods have always 
been applied, in the first instance, to pure elements. As a result, phase transition 
sequences in elements have been continuously revised, and new structures with novel 
types of atomic arrangements have been discovered, providing new input for 
theoretical calculations. 
The history of high-pressure studies started with Bridgman's volumetric and 
resistivity measurements. The Bridgman anvil and the piston-cylinder device 
dominated high-pressure science from 1910 to 1950, allowing pressures of up to 10 
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GPa to be achieved. Bridgman compressed nearly one thousand different materials, 
including elements, compounds and alloys, and found that, for example, Bi, Sb, Ga, 
Cs and many other elements had structural phase transitions (Bridgman 1935, 1942, 
1952). 
In the 1960's, x-ray diffraction techniques were developed and applied to 
high-pressure structural studies of elements and compounds (see, for example, 
Jamieson 1963, Kabalkina et al 1964, Vereshchagin et al 1965). Tungsten carbide 
anvils were used with boron support to generate pressure. Pressures above 10 GPa 
were reached, data were collected on x-ray film in an angle-dispersive geometry, 
many interesting phenomena were discovered. For example, a structural transition in 
Si and Ge from the diamond structure to a white tin (/3-Sn) structure with an atomic 
volume change of 20% (Jamieson 1963) corresponds to a phase transition from a 
semiconducting to a metallic state in these elements. However, low resolution, high 
background, contamination of the diffraction pattern from the surrounding materials 
and a small accessible range of d-spacing restricted this method to the observation of 
phase transitions and the solution of simple crystal structures. 
At the same time, diffraction techniques with neutrons were developed (see, 
for example, Brugger 1969). As neutrons are able to penetrate through the steel body 
of the pressure cell, a wider range of d-spacing could be covered with the neutron 
diffraction than it was possible with x-ray diffraction at that time. Also, neutron 
diffraction provided better resolution than the available x-ray diffraction techniques. 
As a result, many crystal structures were solved from neutron powder diffraction in 
the 1960-1970's, such as the structure of Bi-111 (Brugger et al 1967). 
The invention of a diamond anvil cell (DAC) for high-pressure generation 
(Jamieson et al 1959, Weir et al 1959) enabled optical access to the sample inside the 
pressure cell and opened the way for improvements in data quality, including 
reduction of the background and improvements in sample alignment. Soon 
afterwards, the DAC was adapted for high-pressure powder (Piermarini and Weir 
1962) and single-crystal x-ray diffraction (Weir et al 1965). A metallic gasket 
technique was introduced for hydrostatic pressure generation (Van Valkenburg 
1964). The ruby fluorescence technique (Barnett et al 1973) was invented for 
pressure calibration, and a pressure scale based on the R-line shift of ruby was 
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created (Piermarini et al 1975). Also a new pressure-transmitting medium was 
introduced for hydrostatic pressures up to 10 GPa (Piermarini et al 1973). All these 
developments made x-ray diffraction techniques, coupled with a DAC, a widely used 
tool for structural analysis of phase transitions under pressure. 
The invention of the DAC also enabled a significant increase in achievable 
pressures in diffraction and other measurement techniques. In 1976, a megabar 
(million atmospheres) was achieved (Mao and Bell 1976). In the 1970-1980's, x-ray 
diffraction experiments at high-pressures up to 100 GPa and above could be 
performed routinely using a DAC with a small angular opening and energy-
dispersive x-ray diffraction (EDXD) (Holzapfel 1984, Grosshans et a! 1984). At the 
same time, synchrotron radiation sources were developed which overcame the 
problem of a very weak signal produced by the very small sample volume 
encapsulated in the DAC. The crystal structures of many materials were studied at 
these very high pressures and new phase transitions were observed (Ruoff 1994, 
Holzapfel 1996). Ruoff (1994) showed that the bcc structure is the ultimate structure 
of metallic elements (Zr, Hf, Sn, Pb) at megabar regime. Systematic structural 
studies on elements gave transition sequences with many new complex phases 
(Holzapfel 1996). Si, for example, was shown to have several phase transitions in its 
metallic state from fl-Sn to a simple hexagonal (sh) phase, then to a complex phase 
Si-VI with an unsolved structure, and, at higher pressures, to close packed structures 
hcp and then fcc (Olijnyk et a! 1984, Duclos et al 1990). However, the data quality 
obtained with EDXD techniques was much poorer than that obtained with neutron 
diffraction. Atomic position parameters could not be refined, as the collected 
intensities were unreliable, and complex structures could not be solved. These 
problems were all solved with the development of angle-dispersive x-ray diffraction 
(ADXD) techniques. 
The ADXD technique was invented by (Shimomura et al 1990), who 
combined an area image-plate detector with monochromatic synchrotron radiation to 
give very good quality diffraction data. For example, this technique was applied to a 
structure refinement of a complex Sb-TI phase (Iwasaki and Kikegawa 1990). The 
ADXID technique was further developed by the Edinburgh High-Pressure group 
(McMahon and Nelmes 1994), and applied to studies of the complex crystal 
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structures of the high-pressure phases of elements and compounds. Structural studies 
on group-IV and ffl-V semiconductors under pressure revealed intermediate phases 
with low-symmetry structures and suggested new structural systematics for these 
materials (McMahon and Nelmes 1993, McMahon et al 1994, Nelmes et al 1996, 
Nelmes and McMahon 1998). The controversies about the complex high-pressure 
structures of Ce were also resolved by applying the image plate technique 
(McMahon and Nelmes 1997). The complex crystal structure of Si-VT was solved 
using the ADXD technique (Hanfland et al 1999), 15 years after its discovery in 
1984 (Olijnyk et al 1984). The Si-VT structure type was then assigned to the high-
pressure phases of Ge, Cs and Rb, using the same experimental technique (Schwarz 
et al 1998, 1999, Takemura et al 2000a). 
The most recent development of the high-pressure diffraction techniques, 
performed by the Edinburgh High-Pressure Group, includes single-crystal diffraction 
from poor single-crystals and the combination of the powder ADXD and single-
crystal diffraction method using the image plate and CCD area detectors with 
synchrotron radiation. In recent years, the application of these methods to the study 
of crystal structures of elements has yielded the discoveries of surprisingly complex 
atomic arrangements and novel structure types. An incommensurate composite (host-
guest) structure has been discovered in the alkaline-earth elements Ba and Sr 
(Nelmes et al 1999, McMahon et al 2000a). This host-guest structure has been 
dubbed "the weirdest known atomic structure of ... any pure element" (Heine 2000). 
A similar incommensurate structure, but with a different host arrangement, has been 
found for a high-pressure phase of the alkali element Rb (McMahon et al 2001a). 
Although aperiodic structures have been know to exist for long time at normal and 
extreme conditions, discoveries of more examples of aperiodic structures and new 
phenomena associated with them made the crystallographic community question if 
the definition of a crystal as periodic arrangement of atoms is correct (van Smaalen 
2002). Also, a new type of crystal structure has been discovered in the alkali 
elements Cs and Rb with atoms forming layers stacked along the c-axis of an 
orthorhombic cell (McMahon et al 2001b, Nelmes et al 2002). 
The ongoing development of high-pressure diffraction techniques, as 
described above, can be illustrated by the example of the high-pressure phase Bi-111, 
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stable between 2.7 and 7.7 GPa at room temperature in the element Bi (Figure 1.1 
and Table 1.1). The existence of this phase has been known since 1935, when 
Bridgman compressed Bi and registered a large volume change indicating a phase 
transition. The Bi-Ell phase gives a complex diffraction pattern with many diffraction 
reflections, as was shown by an early neutron study (Brugger et a! 1969) (Figure 1. 1, 
a), although no unit cell was proposed. This was followed by studies of Bi-E[[ with x-
ray diffraction techniques in which the accuracy and the accessible d-value (20) 
range got worse (Kabalkina et al 1970, Skelton et al 1977) (Figure 1.1, b) in 
comparison with the neutron diffraction (Brugger et al 1969, Fedotov et al 1978) 
(Figure 1.1, a,c). These were improved dramatically, however, with the application 
of ADXD techniques to Bi-III (Chen et al 1994). The first crystal structure solution 
was proposed and refined in 1996 from the ADXD studies of Bi-Hl with synchrotron 
radiation (Chen et al 1996) (Figure 1. 1, d). Figure 1.1 (e) shows an EDXD pattern of 
Bi-Ill from the high-pressure high-temperature (HP-HT) studies (Chen et al 1997). 
Table 1.1 An overview of the selected high-pressure studies on the Bi-HI phase. 
Work Technique Results 
Brugger et al 1969 Neutron diffraction, 36 diffraction reflections observed, 
time-of-flight no unit cell proposed 
Kabalkina et al 1970 X-ray diffraction on film, 4 diffraction reflections observed, 
Jamieson method monoclinic cell proposed 
Skelton et al 1977 Bassett-type DAC, EDXD 4 diffraction reflections observed 
Fedotov et al 1978 Neutron diffraction, 21 diffraction reflections observed, 
variable angle orthorhombic cell proposed 
Chen et a! 1994 Large-volume cell, ADXD 47 reflections observed, 
synchrotron radiation tetragonal cell proposed 
Chen et a! 1996 ADXD, synchrotron structure refinement 
radiation  
Chen et al 1997 Large-volume cell, EDXD, in-situ observation of structural 
Synchrotron, HP-HT change from Bi-Ill to a HT-HP 
studies phase Bi-IV 
McMahon et al DAC, ADXID, 72 reflections observed, structure 
2000b Synchrotron radiation refinement as incommensurate 
composite host-guest structure 
(b) Skelton et at 1977 
 (a) Brugger et at 1969 
Fluorescence 






Chen et al 1996 
Chen et al 1997 
McMahon et at 2000b 
I 	 I 	 I 
(arb. units) 
Figure 1.1 Powder diffraction patterns of a complex B i-ill phase, stable in Bi between 
2.7 and 7.7 GPa, from different studies reported in literature, shown in chronological order. 
Note a different scale for the top diffraction pattern. 
However, the true nature of the Bi-111 structure was not revealed until 2000, 
when from quasi-single crystal data (Figure 1.2) it was shown to have an 
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incommensurate composite host-guest structure (McMahon et al 2000b), similar to 
that found in Ba and Sr (Nelmes et al 1999, McMahon et al 2000a). The basic host-
guest structure of Bi-Ill was refined from the pattern shown in Figure 1 .I (f). As the 
final step in the description of the Bi-Ill structure, it was shown to be 
incommensurately modulated from the single-crystal data (McMahon et al 2003). It 
can be expected that the future development of the high-pressure diffraction 
techniques will reveal further new details of complex crystal structures of elements, 
giving information on novel phenomena in their complex phases. 
Figure 1.2 Two-dimensional diffraction image from a quasi-single crystal of Bi-Ill, 
obtained with an image plate detector and synchrotron radiation. 
1.1.3 Development of the theory of electronic structure of matter 
Parallel to the development of the experimental high-pressure techniques the 
theoretical understanding of crystal and electronic structures at high-pressure has 
been developed. The theory of the electronic structure of materials went through a 
significant development starting with the nearly-free electron picture in the 1930's, 
going through the pseudopotential theory, introduced in the 1960's, and growing into 
the first-principle calculations. 
In the nearly-free electron picture, a Brillouin zone - Fermi sphere interaction 
(the Hume-Rothery effect) was considered as the main factor of structure stability, 
where the most stable crystal structures will be those in which the Fermi sphere 
N. 
comes close to the faces of the Brillouin zone, constructed on planes that have strong 
structure factors (Mott and Jones 1936, Jones 1962). This model has been 
successfully applied to explain crystal structures forming in the intermediate phases 
of alloys of s,p bonded materials (Mott and Jones 1936, Jones 1962). 
The first quantitative analysis of the electronic structure of materials came 
with the pseudopotential theory based on quantum mechanics that demonstrated a 
common approach to the description of electronic structure of materials and its 
connection with physical properties (Harrison 1966). The theoretical calculations 
from first-principles in the 1970-80's shed light on many of the trends in crystal 
structure apparent through the Periodic Table, both at normal density and under high 
pressure (Harrison 1980, Hafner and Heine 1983, Skriver 1985, Pettifor 1996). For 
example, the structure stability for Si under pressure was explained (Yin and Cohen 
1982). For the heavy alkali elements, K, Cs and Rb, a pressure-induced energy 
lowering of initially unoccupied d states through the Fermi level was shown, 
whereby electrons are gradually transferred from the s into d band (Stemheimer 
1950, McMahan 1984). For the light alkali Li and Na elements, an s-p hybridisation 
is suggested under pressure (Boettger and Trickey 1985). The alkaline-earth elements 
are also reported to have an s-to-d electron transfer under pressure (Moriarty 1986). 
1.1.4 General trends of phase transitions 
The present experimental and theoretical knowledge of the crystal and 
electronic structures of elements allows identification of the following general trends 
at high-pressure. For polyvalent s,p elements that crystallise in open structures with 
the coordination numbers 8-N, where N is the group number in Periodic Table, 
structural transitions under pressure take place with increasing coordination number 
and packing density. The phase transition sequence for Si is given below, together 
with coordination numbers of the structures (Jamieson 1963, Olijnyk and Holzapfel 
1984, Hu and Spain 1984, Duclos et al 1990, McMahon and Nelmes 1993, Hanfland 
et al 1999): 
Si: diamond(cF8)—fl-Sn (t14)—>Imma (o14)—* sh (hPl)—. oC16—Cmca -+ hcp —fcc 
4 	 6 	6+2 	8 	10,11 	12 	12 
The increase in packing density and coordination number in the transition 
sequence of simple structures (diamond, sh, hcp, fcc) under pressure can be 
understood with a simple mechanical model. The increase of pressure causes a 
decrease in sample volume, which can be achieved by the increase in the packing 
density of the atoms, if they are considered as hard spheres. Understanding the 
appearance of the more complex, less symmetric structures in this transition 
sequence requires consideration of quantum mechanical theory. The first-principles 
theoretical calculations confirm the observed crystal structures and transition 
pressures for Si and Ge, indicating a nearly-free electron character for their metallic 
phases (Yin and Cohen 1982, Needs and Mujica 1995, Christensen et al 1999, 
Schwarz et al 2000, Takemura et al 2000a, Ahuja et al 1999, Ahuja and Johansson 
2001). 
In contrast to the polyvalent s,p metals, alkali and alkaline-earth (group I and 
II) elements, and also some lanthanides, show transformations from ambient pressure 
closed-packed structures into more open packed less symmetric structures under 
pressure. For example, in Cs, the following phase transition sequence is known, 
shown together with the coordination number of the crystal structures (Takemura et 
al 1982, Takemura and Syassen 1985, Weir et al 1971, Takemura et al 1991, 
Schwarz et a! 1998, Takemura et al 2000b, McMahon et a! 2001a): 
Cs: 	 bcc - fcc -* oC84 -* t14 - Cmca (oC16) -> double hcp 
14 	12 	8-11 	4+4 	10,11 	 12 
The phase transitions accompanied by a decrease in coordination number are 
associated with an electron transfer from s to d orbitals (McMahan 1984). At higher 
pressure, the structural transitions take place with an increase in coordination 
number, and the structures are remarkably similar to those realised in Si under high 
pressure (see above). Ab initio calculations again demonstrated an agreement with 
the experimentally observed structures and transition pressures for almost all the 
phases (Schwarz et al 2000, Ahuja et al 2001), and showed a significant deviation 
from free-electron behaviour. The recently reported oC84 structure, with its large 
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unit cell (McMahon et a! 2001a), represents an exceptional difficulty for the 
theoretical calculations. 
Thus, it appears that ab initio total energy theoretical calculations are 
generally in agreement with experimental data. However, the calculations give little 
insight into possible factors that stabilise the structures. Moreover, the main failing 
of the ab initio methods of calculation is that they cannot easily predict candidate 
crystal structures. Therefore, the computational studies tend to concentrate on 
studying crystal structures already observed by experiment. As said by (Wigner and 
Seitz 1955), "if one had a great calculating machine, one might apply it to the 
problem of solving the Schroedinger equation for each metal and obtain thereby the 
interesting physical quantities, such as the cohesive energy, the lattice constant, and 
similar parameters. It is not clear, however, that a great deal would be gained by 
this. Presumably the results would agree with the experimentally determined 
quantities and nothing vastly new would be learned from the calculation. It would be 
preferable instead to have a vivid picture of the wave functions, a simple description 
of the essence of the factors which determine cohesion and an understanding of the 
origins of variation in properties from metal to metal." These words contain a 
prediction of the present situation, where the theory of the electronic structure of 
materials urgently needs models explaining reasons of formation and stability of the 
complex crystal structures observed recently in elements under high pressure. 
The most resent developments in the electronic structure theory suggest a 
new complex behaviour of electronic structure, such as core and valence band 
overlap and localisation of electrons in the interstitial atomic regions (Neaton and 
Ashcroft 1999, Ashcroft 2002). The recent prediction of a semiconducting or even 
insulating behaviour of the simple metal Li (Neaton and Ashcroft 1999), that was 
followed by experimental finding of a complex crystal structure (Hanfland et al 
2000a), a dramatic increase in resistivity (Fortov et a! 1999,2000,2002), and an onset 
of superconductivity (Shimizu 2002 a,b, Struzhkin 2002) demonstrated that pressure 
can turn a nearly-free electron metal into a complex metal. The theory also shows 
that the Hume-Rothery effects are greatly enhanced under pressure (Ashcroft 2002). 
The newly discovered pressure-induced complexity of a simple metal (where only s 
bands occupied by electrons at normal conditions) represents a new twist in the 
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development of the electronic theory of materials. It also makes the experimental and 
theoretical research in the field of high-pressure crystallography very exciting. 
1.1.5. The objectives of the present work 
The objectives of the work presented in this thesis have been to apply 
advanced diffraction techniques to the study of complex high-pressure phases of 
some elements. The diffraction techniques had been developed in the Edinburgh 
High-Pressure Group earlier, and in this thesis an application of these techniques to 
difficult elemental phases is demonstrated. The aim of the work was to solve the 
complex crystal structures of the group-V elements Bi, Sb and As and the group-III 
element Ga, applying a combination of single-crystal and powder diffraction 
techniques. These elements were chosen for study because of known inconsistencies 
of the reported structures or because of gaps in the known phase behaviour over 
certain pressure ranges. This thesis presents the solution of the complex structures of 
high-pressure phases of Bi, Sb, As and Ga. 
1.2 Thesis outline. 
This thesis is organised as follows: 
Chapter 2 introduces the experimental methods used in this thesis to perform 
the high-pressure diffraction studies. These include powder and single-crystal 
diffraction on in-house and synchrotron x-ray sources. The high-pressure diffraction 
techniques are presented in full detail as they form the foundation for the 
experimental studies and obtained results described in the subsequent chapters. 
Chapter 3 describes a detailed structural study on the group-V elements Bi, 
Sb and As under high pressure using combined powder and single-crystal x-ray 
diffraction for Bi, and powder x-ray diffraction for Sb and As. It includes a review of 
previous work on the group-V elements, and our solution of the basic structure of the 
complex phases of Bi, Sb and As as incommensurate host-guest composites. Then, 
12 
an introduction to the 4-dim superspace formalism is given. This approach is applied 
to the incommensurate host-guest structures in Bi, Sb and As to analyse the structural 
modulations. The diffraction studies of Bi single-crystal are presented, and the 
obtained solution of a modulated incommensurate structure is given. 
Chapter 4 presents a structural study on the group-ill element Ga under 
pressure. This includes a review of previous work on Ga. The solution of the 
complex structure of Ga-TI using single-crystal x-ray diffraction is presented. A 
possible explanation for the previous very approximate solution is given. A solution 
of another newly discovered high-pressure phase of Ga is given, and an interpretation 
of both new structures of Ga is presented. A revised P-T phase diagram of Ga is then 
proposed. 
Chapter 5 describes the present theoretical picture of the reasons for 
formation and stability of the complex structures, reported in Chapters 3 and 4. 
Chapter 6 concludes the thesis, summarises the achievements to date, and 




High-Pressure Diffraction Techniques. 
2.1 Introduction 
The crystal structure of materials can be solved from the data collected with 
x-ray or neutron diffraction techniques. In this chapter, the basic theory of powder 
and single-crystal x-ray diffraction will be presented. Then, the application of these 
diffraction techniques to high-pressure studies will be explained, and the details on 
high-pressure generation, sample preparation and loading and pressure measurement 
will be given. Different sources of radiation can be used for diffraction experiments, 
including x-rays, electrons, synchrotron and neutron radiation. In this thesis, x-rays 
from laboratory sources and synchrotron radiation were used for the diffraction 
experiments. These types of radiation will be described fully in this chapter, although 
other types of radiation and their properties will be mentioned briefly. The 
experimental set-ups for powder and single-crystal diffraction used in this thesis are 
presented in detail. These techniques were developed by the Edinburgh High-
Pressure Group over the last few years, and their advantages over the previously-
used techniques are outlined. Data analysis and structure solution procedures are also 
outlined. 
2.2 Basic theory of powder and single crystal diffraction 
All diffraction techniques are based on the simple principle first formulated 
by W.L. Bragg in 1913. X-ray powder-diffraction techniques were first developed by 
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P.J.W. Debye and P.H. Scherrer and independently by A.W. Hull in the period 1914-
1919. When a beam of particles (for example, neutrons or x-ray photons) strikes a 
crystalline material, the particles are diffracted from planes of atoms in the crystal - 
defined by the Miller indices h, k and 1 - according to Bragg's law: 
n 2 = 2 d/1k1 sinG 
	
(2.1) 
where 2 is the wavelength of the incident beam, d,1k1 is the (hkl) lattice planes 
spacing, n is the order of diffraction and 0 is the angle between the diffracted beam 
and the lattice plane. The lattice plane spacings d/1k1 defines the size and shape of unit 
cell of the crystal, e.g. lattice parameters and symmetry. The systematic absences in 
the (hkl) indices give us the space group. 
The positions of atoms in the unit cell can be determined from the relative 
intensities of the Bragg reflection peaks through the structure factor F. The intensity 
of each reflection is proportional to F2 , where F is defined by 
N 
F= 	 (2.2) 
n=1 
where N is the number of atoms in the unit cell, f, is the scattering factor of the i 1 
atom and x,, y, z, represent the fractional coordinates of the i' atom. The 
determination of d-values and intensities of the diffraction peaks forms the basis for 
all diffraction studies. 
The principle of single-crystal diffraction can be illustrated with the Ewald 
construction (see for example Giacovazzo et at 1992). We consider (Figure 2.1) a 
single-crystal sample at the point S, and a primary beam going along JO and passing 
through the sample. We can outline a sphere of radius 1/X with a diameter JO. Put the 
origin of the reciprocal lattice at 0, which is defined as a* = 1/a, b* = 1/b and c* = 
1/c, and a*  is normal to the plane (b,c), b*  to the plane (a,c) and c' to the plane 
(a,b), where a, b, and c are vectors defining the direct lattice of the crystal 
(Giacovazzo et a! 1992). When the vector k is on the surface of the sphere then the 
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corresponding direct lattice planes will lie parallel to IF and will make an angle 0 
with the primary beam. The relation OP = k = 11d/ikl = JO sin  = 2sin0 I X holds, 
which coincides with Bragg's equation. Therefore, the necessary and sufficient 
condition for the Bragg equation to be verified for the family of plane (hkl) is that the 
lattice point defined by the vector k lies on the surface of the sphere called the Ewald 
sphere (ES). If the primary beam is monochromatic and the crystal is casually 
oriented, no point of the reciprocal lattice should be in contact with the surface of the 
Ewald sphere, and no diffraction will be observed. Therefore, in experimental single-
crystal diffraction techniques, the sample is rotated, which brings many different 
nodes of the reciprocal lattice into contact with the surface of the Ewald sphere, i.e. 
into the diffraction condition. There is a limit in k-values of the reciprocal vectors 
that can be observed with a given X. If k> 1/X, then d/LAJ < X/2, and the reflection (hkl) 
cannot be observed. This condition defines the so-called limiting sphere, with centre 
O and radius 2/?, and only the lattice points inside the limiting sphere will be able to 
diffract (Figure 2.1). 
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Figure 2.1 A geometry of a single-crystal diffraction. Ewald sphere (ES) is 
shown by solid line, limiting sphere is shown by dashed line. 
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Powder diffraction techniques are classified into two groups depending on 
which of the two variables - 2 or 0 - is maintained constant to satisfy the Bragg's 
law. When the incident radiation is monochromatic, i.e. 2 is fixed, diffraction occurs 
at 0 angles that satisfy the Bragg condition. The diffracted beam from all the planes 
in the crystal of a given d,,kl - spacing lie on a cone with half-angle 20 about the 
incident beam. If these diffraction cones meet a flat area detector, such as an image 
plate, perpendicular to the incident beam, the recorded pattern will display concentric 
powder rings, also called Debye-Sherrer rings. As the data are collected as a function 
of the angle 0, the technique is known as angle-dispersive x-ray diffraction (ADXD). 
This is shown schematically in Figure 2.2. When a polychromatic (white) beam is 
used, diffraction data are collected at a fixed angle 0 as a function of radiation 
energy. Therefore the technique is know as energy-dispersive x-ray diffraction 




Figure 2.2 A geometry of ADXD powder diffraction (from Vanpeteghem 2000). 
The ADXD technique has certain advantages over the EDXD technique. 
ADXD gives a higher resolution in d-spacing Mid = 0.4-0.8% in comparison with 
the resolution of Adid = 1.4% constrained by the energy resolution of the detectors 
used in EDXD. Texture effects (an intensity variation around a Debye-Scherrer ring) 
can be handled better in ADXD, as a summation of all the intensity over a nearly 
complete Debye-Scherrer ring gives better intensity averaging. The EDXD spectra 
contain fluorescence peaks that may overlap with the sample diffraction reflections 
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and make the analysis of the data difficult. ADXD needs an x-ray beam of a higher 
intensity in comparison with EDXD, as only narrow band of the white beam is used. 
However, with the new "third-generation" synchrotrons (section 2.4.2), a high 
intensity (high brilliance) monochromatic beam can be obtained easily. 
A powder sample ideally consists of many tiny, - 1tm across, crystallites 
randomly oriented with respect to the incident beam. A good powder sample gives a 
diffraction pattern with sharp, smooth and concentric Debye-Sherrer rings. However, 
samples are generally far from a perfect powder. They may contain some large 
crystallites that will affect the diffracted intensities. Such data are said to contain 
"poor powder averaging" and the pattern is called a textured pattern and requires 
special handling. 
For solving an unknown crystal structure, single-crystal diffraction is the 
ideal technique. This is due to the fact that single-crystal diffraction gives much more 
information about reciprocal space, where the diffraction reflections are spatially 
separated. This is in contrast to powder diffraction, where the diffraction reflections 
with the interplanar distance d are overlapped. When it is not possible to obtain a 
single crystal of the studied phase, powder diffraction techniques are used for 
structure solution. 
Under pressure, single crystals usually break because of non-hydrostatic 
pressure, or because of a phase transition. This is why, until —1990, samples were 
generally studied at high pressure using powder-diffraction techniques. To obtain a 
single-crystal of a high-pressure phase, it is usually not enough (or necessary) to start 
with a single-crystal sample of the ambient pressure phase. A single crystal of the 
high-pressure phase can be grown, for example, by melting this phase under 
pressure, followed by slow cooling into a single crystal. If there is a high-pressure 
high-temperature phase above the studied high-pressure phase, however, then a 
different method of cycling through the phase transitions may be applied. The sample 
then usually contains several crystallites of the phase, or the single-crystal reflections 
are very broad. Recent advances in high-pressure single-diffraction techniques allow 
us to tackle such difficult single-crystal samples (Nelmes et al 2002). 
The high-pressure aspects of these two complimentary diffraction techniques, 
powder and single-crystal diffraction, are described below. 
M. 
2.3 High-pressure experimental technique. 
This section describes the experimental apparatus and procedures used in the 
study of materials at high pressure. First, the diamond anvil cell used for pressure 
generation in this work is described, and the procedure for loading a sample in a 
diamond anvil cell is described. Finally, the methods of pressure measurement are 
described. 
2.3.1 Diamond anvil cell. 
The history of invention and development of the diamond anvil cell (DAC) 
was given in Chapter 1. In this section, the principle behind the DAC, and the 
description of the cell used in thesis, will be detailed. In a DAC, the sample is 
contained in a hole drilled in a metal gasket that is situated between two flat parallel 
diamond faces (or culets). The pressure is then applied when a force pushes the two 
diamonds together. Although there are many different types of DAC, the schematic 
diagram of the main components of all types of cell is shown in Figure 2.3. The main 
differences between the types of DAC are the mechanisms by which the pressure 
generating force is applied to the diamonds, and the method by which the diamond 
culets are aligned and supported (Jayaraman 1983). A full conical-aperture diamond-
anvil cell of Merrill-Bassett type (Merrill and Bassett 1974) has been used to carry 











Figure 2.3 The main components of a diamond anvil cell (from Belmonte 1998). 
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The Merrill-Bassett (MB) cells were originally designed for single-crystal 
work, but their compact design and wide angular access for x-rays makes them 
useful for angle-dispersive powder diffraction at a synchrotron source. In this thesis, 
the MB cells have been used for single-crystal as well as for powder diffraction 
experiments. Figure 2.4 shows an exploded view of the M113 DAC taken from 
(Merrill and Bassett 1974). The diamond anvils are mounted on beryllium backing 
discs, which are both strong and transparent to x-rays. The opening angle in the MB 
cell is wide, the cell has a 45 ° half angle cone opening allowing up to 45 ° 20 of 
diffraction to leave the cell. The Be discs have a 0.8 mm diameter hole drilled 
through them to enable optical alignment of the cell by viewing the sample through 
the diamond. The backing discs are encased in a steel body and pressure is applied 
by tightening the three Allen screws to pull the two halves of the cell together. The 
MB cells allow a very fine control over changes in sample pressure. 
T 4 16mm 	 50 2 
Figure 2.4 Schematic diagram of a Merrill-Bassett diamond anvil pressure cell. 
(1) Steel body. (2) Beryllium discs. (3) Gasket. (4) Diamond anvils. 
(After Merrill and Bassett 1974). 
For achievement of high pressures it is essential that the culets are aligned, 
both in translation and tilt. The two halves of the cell are kept in alignment by three 
guide pins. The MB cells have the capability for aligning the diamond culets 
translationally, but there is no way to adjust the culets so that they are parallel. The 
Be discs is held in place by three grub screws. Using these screws it is possible to 
translate one of the diamonds with respect to each other. 
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In this thesis, diamond culets of 400 pm diameter were used in the MB cell 
for pressure generation, which makes the maximum pressure that can be reached —25 
GPa. Higher pressures could be reached using the DXR cells designed by (Adams 
1999). 
The DXR cells employ a piston-cylinder arrangement. The diamonds are 
mounted on beryllium discs. One disc is seated in the piston and the other in the cell 
body. The piston and body are precisely machined from high-quality steel such that 
the piston fits tightly in the body. The tight fit of the piston means that the diamonds 
remain well aligned while pressure is applied. The pressure is applied by two 
oppositely threaded screws, which push a steel plate down onto the piston which, in 
turn, pushes the piston into the cell bringing the diamond together. In the DXR-6 
version of this cell, used in this thesis, it is possible adjust the centering and tilts on 
both diamonds, which allows the diamonds to be aligned much more easily and with 
greater accuracy. The diamond culets of 200 jim diameter were used in the DXR-6 
cell to reach the pressures of —60 GPa 
In following I describe how to load the sample into a diamond anvil cell to 
make it ready for data collection. 
2.3.2 Sample preparation and loading. 
For loading the sample into a diamond pressure cell, a gasket first needs to be 
prepared. The gasket material used for the described experiments is a 250 Jim thick 
tungsten foil, whose hardness makes it suitable to support high-pressure conditions 
and whose high absorption serves as a good shield for background scattering. Other 
materials, such as rhenium or stainless steel can also be used. The tungsten foil is 
first placed on the top of the bottom diamond, as shown in Figure 2.5, and fixed to 
the cell body with Blu-Tack. 
Then, the cell is closed and pressure is applied by pushing the diamonds 
together to indent the gasket (Figure 2.6, left). The cell is then opened and the foil is 
removed to measure the indent. It is typically 40-60 p.m thick, which proved to be 
ideal for the stability of the hole. The hole, 100-150 p.m in diameter, is then spark-
eroded in the centre of the indent (Figure 2.6, right), using a spark-eroding machine. 
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Spark-erosion techniques are usually preferred to those of mechanical drilling and 
are essential for hard materials such tungsten or rhenium, because of higher 
precision. The gasket is then placed back on the top of the lower diamond so that the 




Figure 2.5 Diamond culets of a diamond anvil cell: top diamond (left), 
bottom diamond (middle), and bottom diamond with gasket (right). 
(courtesy of MI. McMahon) 
Figure 2.6 Gasket with an indent made with diamond (left) 
and a drilled hole of 100 pm (right) (courtesy of M.l. McMahon). 
For loading powder samples the following technique is used. The finely 
ground dry powder sample is filled into the gasket hole using a fine needle. The 
loaded powder sample is shown in Fig. 2.7. To maximise the volume of sample in 
the hole, a drop of methanol is used to wet the sample. When the sample is loaded 
into the hole, the upper diamond is placed onto the gasket, and the cell is closed 
gently. As this stage an ambient pressure pattern can be collected, which usually is 
used for calibration of the powder diffraction data, as detailed in Section 2.6.3. After 
this, the cell is opened again to insert a ruby chip for pressure measurements, which 
is described in Section 2.3.3. The top diamond is covered with a thin film of vaseline, 
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and a single-crystal ruby sphere 5-10 j.im in diameter is placed in the centre of the 
diamond culet. The indent of the gasket is then filled with a 4:1 mixture of 
methanol:ethanol liquid as a pressure transmitting medium, which is used to ensure 
hydrostatic and homogenic conditions in the sample chamber, as detailed in Section 
2.3.4. The cell is closed quickly and a small pressure is applied immediately to seal 
the cell and to avoid the evaporation of the methanol:ethanol mixture. 
1) 	 2) 
 
3) 	 4) 
Figure 2.7 Loading of a powder sample into a gasket hole (1 and 2), putting the ruby 
(marked by an arrow) on the top diamond (3), and a stress pattern of the closed diamond 
anvil cell in a polarised light (4). (courtesy of M.I. McMahon). 
For loading single-crystal samples, a slightly different technique is used. A 
piece of a single-crystal sample, 30-70 Jim in diameter, is placed in the centre of the 
top diamond, covered with a thin film of vaseline. Then, a ruby chip is placed next to 
the sample on the top diamond. The gasket is prepared with the same technique as 
described above including indentation and hole drilling. The indent of the gasket is 
filled with a 4:1 mixture of methanol: ethanol. The cell is closed quickly and a small 
pressure is applied. In this way, the single-crystal sample should be exactly in the 
middle of gasket the hole, not touching gasket edges, and the ruby chip should be 
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clear of obstructions for pressure measurements. A loaded single-crystal sample and 
a ruby chip in the hole are shown in Figure 2.8. 
Figure 2.8 Loaded single crystal sample and a ruby chip in a 
closed diamond anvil cell (courtesy of M.I. McMahon). 
After the sample is loaded into the DAC, the pressure inside the sample 
chamber needs to be measured, as described in the next section. 
2.3.3. Pressure measurement. 
There are two commonly used methods for determination of the pressure in a 
diffraction experiment: the equation of state of a calibration material (the pressure 
dependence of its volume) and the ruby fluorescence technique. The ruby 
fluorescence technique is used for pressure determination in this thesis and is 
presented below in detail. 
A chip of ruby, Cr3 doped A1203, fluoresces when the light from a laser is 
focused on it. This process gives rise to two intense ruby fluorescence lines, the R 
lines, producing a doublet R1 and R2 with wavelengths of 6927 and 6942 A, 
respectively, at ambient pressure. A tiny ruby grain of 5-10 gm is added in the 
sample chamber in the DAC with minimum disturbance of the sample. The pressure 
shift of ruby fluorescence wavelength can be easily probed with a laser beam through 
the diamond window. Up to 29 GPa, the ruby scale can be considered to be linear 
(Piermarini and Block 1975). Pressure could be calculated from the equation P = A 
A?, where P is the pressure in GPa, AX is the shift in wavelength of the R2 line from 
its normal ambient pressure value of 6942 A, and the constant of proportionality, A, 
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is given as 0.2740 GPa A- '. Mao et al 1978 observed a slight non-linearity in the shift 
of the ruby line, which becomes noticeable above 30 GPa. They proposed: 
P = P(AX) = 380.8[(&J694.2+1)5 - 11 	 (2.3) 
The ruby fluorescence system, used at Daresbury, is manufactured by 
Instruments S.A. and uses a He-Cd Class E11-b 12mW laser to stimulate the ruby 
fluorescence and a spectrometer to measure the wavelength shift. The spectrum is 
recorded and displayed on a PC where the wavelength of the R 2 line is measured. 
Pressure is deduced from the value of the wavelength shift using the equation (2.3). 
The measuring pressure technique with equation of state uses a calibration 
material that is put into the sample chamber together with the sample. Calibration 
materials such as Au, Ag or Pt are widely used, as they do not exhibit any phase 
transitions in the accessible pressure range (Ming et al 1983, Heinz and Jeanloz 
1994). Other calibration materials such as NaCl, CsC1 etc are also used (Decker 
1964, Brown 1999). The pressure standard material contributes to the diffraction 
pattern, which can lead to an overlap of the diffraction peaks of the internal standard 
and the sample. This can be an obstacle for determining both the sample and 
calibrant peak positions and is clearly a disadvantage. 
With improvements in spectroscopic techniques, the precision of ruby 
measurements and other secondary scales can now resolve difference of 0.2% to 1% 
in pressure, but the shock-wave primary calibration that they rely on still carry a 5% 
uncertainty in the pressure and become the limit in accuracy. In the pressure range of 
the present study, the accuracy of the pressure measurements, determined by the 
ruby scale, is 0.01-0.05 GPa. 
2.3.4 Hydrostaticity and homogenity of pressure. 
To ensure that equal pressure is transmitted to all parts of the sample inside 
the sample chamber, a pressure-transmitting medium is used. In following, the 
pressure transmitting media are described that are used in modern diffraction 
experiments. 
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Fluid media transmit hydrostatic pressure to a sample; i.e. the stress is 
uniform in all directions. However, all fluids solidify above 11 GPa at room 
temperature, requiring the use of solid media to transmit pressure under these 
conditions. Solids have finite strength and cause pressure anisotropy and non-
hydrostaticity, which refers to directional deviatoric stress at a point, and pressure 
gradient or non-homogeneity, which refers to the variation of stress conditions at 
different points in the sample. 
As the pressure anisotropy and inhomogenity affect the interplanar distance 
in the sample, it is desirable to eliminate or to reduce these effects in high-pressure 
experiments, especially x-ray diffraction. This can be achieved by choosing as soft a 
pressure transmitting media as possible. Methanol-ethanol mixtures are commonly 
used in diamond anvil cells as a fluid medium to 10 GPa (Piermarini et al 1973). In 
the present work the 4:1 methanol: ethanol mixture was used for all the high-pressure 
experiments. Thus, up to 10 GPa, the pressure on sample can be considered isotropic 
and hydrostatic. To reduce the stress on the sample that is present above 10 GPa, the 
DAC with the sample can be annealed at elevated temperatures, which is done in 
some experiments of the present work. The annealing can lead to a sharpening and 
narrowing the powder diffraction lines, which indicates a reduction of the stress in 
the sample. Another liquid pressure-transmitting medium that is generally used is 
mineral oil. 
Liquid or crystalline gas media like H2, N2 , He, Ar, Ne and others are used to 
achieve hydrostaticity up to very high pressures (Bell and Mao 1981). Solid pressure 
transmitting media such as NaCl can be simultaneously used for pressure 
measurement. 
2.4 Laboratory x-ray source, synchrotron and neutron sources. 
In the 50 years since its development in 1896, the intensity of x-ray tubes has 
increased by about two orders of magnitude. This classical method of producing x-
rays reached its natural technological limit with the rotating anode x-ray source. 
However, in the 1950's synchrotron radiation, with its extremely high intensity and 
polarisation was discovered. This extremely high intensity is ideal for high-pressure 
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experiments. The details of laboratory x-ray source and a synchrotron radiation 
source used in this thesis are given below. 
2.4.1 Laboratory x-ray sources 
To produce radiation for X-ray diffraction experiments, two types of 
generators are used: sealed-tube and rotating-anode generators. X-rays are produced 
when a beam of electrons accelerated by a high voltage strikes a metal target and is 
therefore rapidly decelerated by collision with the metal atoms. During this process, 
a continuous spectrum is produced called white radiation, and, if the energy of the 
electrons is high enough, intense sharp characteristic lines appear. The characteristic 
Ka line has the highest intensity and therefore is normally used for standard x-ray 
diffraction. Most frequently metals used as target are copper and molybdenum with 
their K lines at 1.5418 and 0.7107 A, respectively. 
An x-ray generator consists of a high-voltage power supply (40-50 kV) with 
electronic controls, connected to the x-ray tube. As a x-ray source, a so-called sealed 
tube or a tube with a rotating anode are used. A sealed tube (Figure 2.9) consists of a 
cathode with a filament that emits the electrons that are accelerated under vacuum by 
the high voltage applied and hit the fixed anode of the metal, producing a 
characteristic spectrum. The process of x-ray production in such a tube is highly 
inefficient: only about 0.1 per cent of the input power is transformed into X-rays, the 
rest is dissipated as heat. In order to avoid melting of the target, it is cooled by a 
circulating cold water as shown in Figure 2.9 
A higher x-ray intensity can be produced with the rotating anode tube. 
Because the anode is rotating, and the target area being hit by the electron beam is 
continuously renovated, higher power per unit area can be applied. This leads to an 
increase in intensity of x-rays by a factor of -10 in comparison to the sealed x-ray 
tube. 
The choice of the wavelength of the X-rays generated by conventional 
equipment is limited to the values of the characteristic K a lines of the metals 
commonly used as targets. As radiation with higher wavelengths is absorbed more 
strongly by a material, the primary consideration in the selection of the wavelength is 
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the radiation absorption by the sample and pressure cell. On the other hand, the 
radiation with a smaller wavelength will give less separation between the diffracted 
reflections, for a given crystal-to-detector distance and unit cell, which makes it more 
difficult to analyse the data. The other advantage of the smaller radiation wavelength 
is that a bigger volume of reciprocal space is accessible to diffraction experiments, 
which is limited by a sphere of radius 2/X (see section 2.2). In this thesis, 
molybdenum radiation with X = 0.71073 A is used in the data collection from the 
Gallium sample (see chapter 4). With this radiation, the absorption by the sample is 
not too high and the separation between the reflections in a Gallium structure with a 
big unit cell is sufficient. For the Bismuth sample (see Chapter 3), the radiation 
absorption at 0.71 A was extremely high, making it impossible to observe the weak 
satellite reflections from the host-guest structure of Bi-Ell, and a synchrotron 
radiation with smaller wavelength and higher intensity was used. 
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Figure 2.9 A sealed x-ray tube (from Giacovazzo 1992) 
2.4.2 Synchrotron sources. 
Synchrotron radiation started as an inconvenience in electron accelerators in 
which magnets around a ring apply centripetal forces to bend the electron beam to 
form a circular orbit. The centripetal acceleration of charged particles also causes 
transverse emission of electromagnetic radiation - synchrotron radiation - in the 
M. 
tangential direction of the ring. With the progress in higher energy accelerators, 
synchrotron radiation has become ever more powerful. In early 60's, "first 
generation" synchrotron facilities began to operate at accelerators that were designed 
and built for high-energy and particle physics. One of the first synchrotron radiation 
sources, Deutches Electronen-Synchrotron (DESY) in Hamburg, that started to 
operate in 1964, is still actively used today. 
The first "second generation" synchrotron, that is a synchrotron build 
specifically to produce synchrotron radiation for scientific experiments, was the 
Synchrotron Radiation Source at Daresbury, UK that started to operate in 1981. Soon 
afterwards, a number of other dedicated synchrotrons were built and started their 
operation around the world: NSLS at the Brookhaven National Laboratory (US), 
Photon Factory in Tsukuba (Japan), BESSY in Berlin (Germany), LURE in Orsay 
(France), and many others. Other first generation synchrotrons were also upgraded to 
the second-generation sources, such as HASYLAB at DESY. Since 1981, the SRS 
Daresbury has developed and grown to include about 40 experimental stations 
serving around 4000 users from the physics, biology, chemistry and engineering 
communities. SRS Daresbury was used for the major part of experiments of this 
thesis. A schematic view of a second generation synchrotron source is shown in 
Figure 2.10, which consists of a linear accelerator (LINAC) of electrons, a storage 
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Figure 2.10 A schematic view of a dedicated, second-generation synchrotron 
radiation source (modified from Giacovazzo 1992). 
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The figure of merit of a synchrotron radiation source is brilliance. The 
brilliance is defined as the number of x-ray quanta (flux) per area of radiation source, 
per unit solid angle of the radiation cone, and per unit spectral interval. The brilliance 
of a radiation source can be affected by the arrangement and strength of the magnets 
inserted into the storage ring (Duke 2000). The undulator insertion device represents 
an array of closely spaced vertically oriented dipole magnets of alternating polarity. 
The electron trajectory oscillates in the horizontal plane as it passes longitudinally 
through the array. Another type of insertion device, the wiggler, is also used in the 
storage rings. It has a higher field and fewer dipoles in comparison to an undulator. 
These insertion devices were added to first and second-generation 
synchrotron sources to increase their brilliance. In addition, third generation 
synchrotron radiation sources were built, that have already the insertion devices in 
them and posses a very high brilliance, as illustrated in Figure 2.11. At present, there 
are three large third generation synchrotrons in operation world-wide: the European 
Synchrotron Radiation Facility (ESRF) in Grenoble, France, the Advanced Radiation 
Source (APS) in Argonne, USA, and Spring-8 in Harima, Japan. A third generation 
synchrotron source is also being built in UK, called DIAMOND, at the Rutherford 
Appleton Laboratory in Oxfordshire, which is scheduled for operation in 2008. These 
machines are physically large (850-1440 meters in circumference). Several smaller 
third-generation synchrotron sources (120-280 meters in circumference) are being 
built around the world. Few experiments for this thesis have been performed at 
ESRF, Grenoble, to take advantage of its higher brilliance in comparison with that at 
SRS Daresbury. 
A fourth generation source is also now being planned and constructed, the 
TESLA project in Hamburg, Germany. It is a hard x-ray free electron laser that 
would have a peak brightness many orders of magnitude beyond that of even the 
third-generation sources. 
Synchrotron radiation has many extraordinary properties. First, its energy 
range extends continuously from the far infrared (10 eV) to hard x-ray (10 eV), 
thereby providing probes over an exceptionally wide portion of the electromagnetic 
spectrum. Second, the highly parallel radiation originates from a very small source 




























(submicron in the x-ray region) with exceptional brightness or spatial resolution. 
Third, it has a well-defined time structure of 10 to 100 ps per pulse, originating from 
discrete bunches of electrons circulating around the ring, which is used for time-
resolved studies. Fourth, it is linearly polarised in the plane of the electron orbit and 
elliptically polarised above and below the plane, with the most obvious application in 
the study of magnetic materials. 
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Figure 2.11 Evolution of the brilliance of x-ray sources during the 20th  century 
(after Hart 1991). 
2.4.3 Neutrons. 
Neutrons are another form of radiation, which can be used to study the 
physical properties of materials. Although neutrons had a late start, they took their 
rightful place beside X-rays in the 1960's. Neutrons have certain unique advantages 
for structural studies. First, the neutron is a penetrating particle compared to most of 
the other forms of radiation (x-rays and electrons). It does not "see" surface effects 
but penetrates deep into the sample and probes the physical properties of the bulk. 
Secondly, the neutron interacts with matter differently in comparison with x-rays and 
electrons; it interacts with the nuclei, not with the electrons. This allows neutrons to 
"see" light atoms in the presence of heavy atoms or to see, and distinguish between, 
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neighbouring Z atoms (such as copper and zinc) in an alloy. Thirdly, neutrons have a 
magnetic moment, which allows them to determine magnetic structures. 
2.5 Detectors. 
Recent developments in detector design have enabled a dramatic increase in 
the quality of data collected in x-ray diffraction experiments. Area detectors such as 
image plates and CCD detectors are now widely used instead of point scintillation 
and semiconducting detectors. A description of image plate and CCD detectors is 
given. The advantages of CCD detectors over point detectors for single-crystal data 
collection is presented. 
2.5.1 Image plate 
The image-plate (IP) detector used in this thesis is a flat aluminium plate, 
onto which a 20 cm x 25 cm x-ray sensitive phosphor material BaFBr : Eu 2 is 
bonded, protected by a layer of plastic. When x-ray photons strike the phosphor 
surface, it produces excited electron states, which decay emitting visible light when 
stimulated by a red He-Ne laser. 
The principle of the image plate area detector is similar to that of x-ray film, 
it can be considered as an electronic version of the x-ray film plus several 
advantages. The main advantage of the image plate is its sensitivity to the short 
wavelengths (<0.7A). In this energy range, the EP can detect less than ten photons 
per pixel. IP have also a large dynamic range of - 10 5 and a low intrinsic noise. It 
also has a high resolution of 50 x 50 pm. Thus, the image plate is an ideal x-ray 
detector. The introduction of image-plate detector by (Shimomura et al 1990) has 
revolutionised high-pressure powder diffraction techniques by allowing the 
collection of 2-D diffraction patterns using monochromatic beam. 
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2.5.2 CCD detectors 
The CCD (Charge-Coupled Device) detector is a semiconducting device, 
similar to those used in video cameras. The CCD detector used in this thesis has 
dimensions 62 mm x 62 mm. When x-rays hit the phosphor at the front of the 
detector, they produce visible light, which is transmitted by fibre optics to the smaller 
CCD chip. Then, electron/hole pairs are generated within the chip by the incident 
light, and electrons trapped in potential wells are read out as currents after the 
completion of the exposure time. 
The main advantage of a CCD detector is a fast read-out time, which is 
measured in seconds or fractions of a second. A CCD detector has a large dynamic 
range, good sensitivity to x-rays, high resolution, and a low noise level. Thus, the 
CCD is an ideal detector for x-ray diffraction data collection, especially for those 
where a fast read-out time is important, as for example in studies of kinetic 
processes, or single-crystal data collections. 
In CCD detectors, thermal excitation leads to a background "dark image" on 
the detector, which is read-out superimposed on the true image. This effect can be 
corrected by recording a dark-current image (no x-rays) for the same time as normal 
exposure and substructing this from each measurement frame. 
2.5.3. Comparison of the detectors. 
The SMART diffractometer with CCD detector is compared here to a CAD4 
diffractometer with a point detector. Both instruments are located in the X-ray 
laboratory in the School of Physics of the University of Edinburgh. 
The CAD4 diffractometer is a 4-circle diffractometer with a K-geometry. The 
point detector is a scintillation detector that can be driven to a particular Bragg 
reflection and the scattering will be detected. First, a 2-d diffraction image is taken 
from a rotated sample, and a unit cell is suggested from the observed Bragg 
reflections. Then, a UB orientation matrix (see section 2.7.2) is determined, and the 
full set of diffraction data is collected reflection by reflection. 
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The main advantage of the CCD detector over the point detector, that the data 
can be collected without any assumption about the unit cell. For data collection with 
a point detector, the unit cell and the orientation matrix must be known before the 
data collection. 
Secondly, with a CCD detector, the data collection time is independent of 
structure size. The CAD4 point detector needs, in contrast, a lot more time for data 
collection from a complex structure. 
A third advantage of the CCD detector is that all the data is collected in one 
data collection. For example, with the composite incommensurate structure of Bi-111 
(see Chapter 3), the main reflections from host and guest components together with 
satellite reflections are contained in one data collection set. For the determination of 
the host and guest unit cells, the CAD4 requires 2 data sets, the SMART only one. 
The existence of the modulation reflections in the Bi-1111 data was realised much later 
than the analysis of the main reflections was done. In this case, the already collected 
data were re-analysed to locate modulation reflections. In the case of the CAD4 point 
detector, an additional set of data would need to have been collected. In addition, a 
CCD detector, in contrast to a point detector, records the whole of the intercepted 
diffraction pattern and not just the Bragg reflections, i.e. the whole of reciprocal 
space is observed, and not just the regions immediately around the reciprocal lattice 
points. Thus, features such as the diffuse scattering in the incommensurate Bi-ifi 
structure would not have been apparent in the data collected with the CAD4 point 
detector. However, with the CCD detector, the lines of diffuse scattering are clearly 
visible on the 2-d frames. 
Although, the CCD thus has many advantages, it is not possible to drive to 
the individual Bragg reflections. This can be easily done with the CAD4 point 
detector. 
2.6 Powder diffraction techniques 
In this section, the procedure of data collection, analysis, and structure 
solution and refinement from powder diffraction data is presented. The experimental 
set-up for powder data collection at 9.1 station at SRS Daresbury is shown. Data 
34 
integration and analysis with the EDIPUS program is presented. The procedure of the 
extraction of d-values and intensities with the X1FIT program and determination and 
refinement of the unit cell with DICVOL and Unit cell programs is presented. The 
final step of structure solution and refinement, using the method of Rietveld 
refinement, is detailed. 
2.6.1 Image plate set-up on Station 9.1 (SRS Daresbury) 
Station 9.1 at SRS Daresbury is located at about 15 m from a 5T 
superconducting wiggler magnet. The wavelength of the incident beam X is selected 
by the Si(111) double-bounce channel-cut monochromator, leaving a certain amount 
of ?J3 diffraction from the (333) planes of the monochromator. The beam dimensions 
are reduced to 0.5 x 0.5 mm2 after passing through a pair of tungsten carbide slits. 
The beam then goes through a lead shielding tube before being collimated to a 
circular beam of 50-75 .tm diameter by a platinum pinhole. All the powder 
diffraction data on the station 9.1 were collected at X = 0.4654 A. 
As a detector of the diffracted beam, an Image plate has been used in this 
thesis. A schematic view of the experimental set-up for the powder diffraction data 
collection on station 9.1 at SRS Daresbury is shown in Figure 2.12. A photographic 
picture of the experimental set-up actually used in the powder diffraction 
experiments in this thesis is shown in Figure 2.13. 
The IP detector is usually situated at 300-360 mm from the sample. This 
allows the EP to collect up to 30 ° in 29 of the diffraction on the set-up on Station 9.1 
at SRS, using the wavelength of 0.4654 A. Thus, atomic interplane distances down to 
0.8-0.9 A are measurable with this set-up, as follows from equation 2.1. 
While exposed to x-rays, the IF is enclosed in a light-tight cassette. After 
exposure, the IF is taken out and inserted into the image-plate reader. The image 
plate system used in this thesis is a Molecular Dynamics 400A Phosphor Imager. 
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Figure 2.12 Schematic view of the experimental set-up for powder diffraction 
data collection on station 9.1 at SRS Daresbury (from Vanpeteghem 2000) 
Figure 2.13 A photograph of the experimental set-up for high-pressure 
powder diffraction experiment on station 9.1 at SRS Daresbury. 
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2.6.2. Sample alignment and data collection. 
The sample alignment technique is based on an optical method first used at 
Photon Factory, Japan (Shimomura et a! 1992). This technique was then developed 
considerably by the Edinburgh Group in the following years (Nelmes et al 1992, 
Nelmes and McMahon 1994). One of the major improvements is the laser alignment 
of the collimator inline with the beam and the DAC perpendicular to the beam 
(Nelmes and McMahon 1994). It allows the sample in the DAC to be aligned 
accurately to the incident beam without the beam hitting the gasket. 
Each diamond anvil cell has its own collar that is inserted in a mount. To 
align the sample with the x-ray beam, the DAC is put on the sample stage and the 
telescope is focused on the sample through the back face of the diamond. Then, the 
DAC is replaced by a mount holding a piece of x-ray sensitive paper. The surface of 
the paper is then focused onto the telescope by a micrometer located on the paper 
mount. After being exposed to the x-ray beam for 30-40 sec, the dark mark left by 
the beam is centered on the telescope's crosshair by moving the telescope vertically 
and horizontally perpendicular to the beam direction. The paper holder is then 
removed and the DAC is put back on the sample stage. The sample is then centered 
onto the telescope's crosshair by adjusting the position of the sample stage. Then the 
telescope is removed. The image plate is inserted in the image-plate holder. A 20 sec 
exposure with the synchrotron beam is taken to mark the position of the direct beam 
on the detector, which is necessary for the data integration as detailed in Section 
2.6.3. Now everything is ready for diffraction data collection. The whole process of 
alignment takes approximately 8 minutes. Then, the beamstop is put between cell 
and detector to stop the direct beam, and the exposure is taken, which normally takes 
30 mm. 
2.6.3. Data integration and calibration. 
For data analysis, the 2-dimensional raw data need to be integrated into 1-dim 
spectrum, which then needs to be calibrated against the a material with known lattice 
parameters. 
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Before each run of data collection, corrections should be calculated for the 
image plate (IF) tilts, spatial distortion and incident beam polarisation. The EP tilt 
needs to be corrected, as the EP is rarely exactly perpendicular to the incident beam. 
This step is necessary to avoid peak splitting or peak broadening in the integrated 
pattern. 
The scan process of the IP produces intensity and spatial distortion that needs 
to be calibrated. The intensity distortions come from the non-uniform sensitivity and 
the non-linear intensity response of the reader. They are calibrated periodically by 
the manufacturer. Spatial distortions are also introduced by the image plate reader. 
They can be calibrated and corrected for with the help of a grid of uniformly spaced 
holes in a nickel sheet, which should be placed over the EP and exposed to a source 
of UV light for a few seconds. The beam is absorbed by the nickel leaving an image 
of uniformly spaced spots on the plate. The EP is then read, but due to spatial 
distortion, the grid spots are not uniformly spaced. The locations in pixels of the 
centre of the spots are calculated by fitting a function to each spot. Since the pixel 
positions of the grid spots are known, the spatial distortion at the position of each 
spot can be determined by interpolation. 
The synchrotron beam is polarised, and the diffracted intensities are affected 
by a polarisation factor. Therefore the observed diffraction intensities should be 
corrected for polarisation effects, which is done during the process of integration. 
For the integration, the data processing software called EDIPUS (Belmonte 
1998) is used. During the integration process (called rebinning), for each pixel on the 
image plate an effective radius from the center of the pattern is calculated, taking into 
account the IP tilts and spatial distortion. The intensity of the pixels with the same 
radius is then added, and an array of rebinned intensity is written. An array of 
corrections to the intensity is also calculated to correct the effects of incident beam 
polarisation. The array of rebinned intensity is divided by the array of rebinned 
corrections at the end of the process. The output is written to a file containing the 




Figure 2.14 Image plate powder diffraction pattern and the corresponding integrated 
profile of Sb at ambient pressure, with the x-y area of the integration shown 
on the 2-d image: (a) whole x-y range, (b) slim integration box. 
The use of the whole x-y range of the image plate for the integration, which 
includes the almost complete Debye-Scherrer rings, is crucial for the increase of the 
signal-to-noise ratio. This is illustrated in Figure 2.14 which compares the results of 
the integration (a) over the whole x-y range and (b) over a slim integration box. The 
x-y range of the pattern inside the slim integration box (Figure 2.14, b) corresponds 
approximately to the area that is available with the image plate technique invented 
and used in Japan (Shimomura et al 1992). The extension of the x-y range of the 
image plate, and the use of the almost complete Debye-Scherrer rings, developed by 
the Edinburgh HP group (Nelmes and McMahon 1994) gives a better quality of the 
powder diffraction pattern. 
Once the data have been integrated with EDIPUS, the next stage is to convert 
the 1-d profile expressed in the form of intensity vs. pixel radius to the form of 
intensity vs. 20. For each pressure cell in every data collection run, a diffraction 
pattern from a sample with known lattice parameters, at ambient pressure, needs to 
be collected to calibrate the data obtained with that pressure cell. For the calibration 
purpose, a diffraction pattern from the studied sample inside the pressure cell at 
ambient pressure is collected. In some cases, the studied sample does not give sharp 
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and smooth diffraction pattern at ambient condition, or the sample is reactive. Then, 
a Zr foil is used for calibration. The conversion from pixels to 20 is done with a 
program 'calib_dist' that uses a polynomial function to fit the measured pixel 
positions of the observed reflections. 
With the process of integration and calibration, the raw 2-d diffraction image 
is converted to a 1-d spectrum with intensity values vs. 20. 
2.6.4. Structure solution and refinement. 
The first stage of structure solution is the determination of the unit cell. This 
procedure consists of finding a unit cell and indexing (i.e. hkl values) that predicts 
the observed 20positions of all the diffraction peaks in the pattern. The 20 values are 
first extracted from the powder pattern using a peak-fitting program, such as XFIT or 
XRDA (Desgreniers and Lagarec 1998). Indexing can be done using, for example, 
the program DICVOL (Boultif and Louer 1991). This program finds possible unit 
cells and indexings by a computational trial-and-error method. Such a program 
requires a list of accurately measured 20 values of as many diffraction peaks in the 
powder pattern as possible. Indexing programs are very sensitive to inaccuracies in 
measured 2, if one or more of the measured peak positions deviates from the correct 
20 value by as little as 0.05 °, the indexing program will fail to find the correct 
solution. Also, extra peaks from non-sample reflections or another phase of the 
sample present a serious problem for indexing. In high-pressure patterns, the peaks 
are often broad or overlapped making indexing by these programs precarious. 
Deviatoric stress (discussed in chapter 2) shifts the 20 values of some diffraction 
peaks from their ideal positions, which again present a problem for indexing. The 
unit cell parameters can be refined using the program Unit Cell (Holland and Redfern 
1997). 
After the unit cell is found and refined and all the peaks are indexed with hkl 
indices, the systematic absences are analysed to determine the space group. Possible 
space groups can be chosen with the help of (International Tables for 
Crystallography 1983), where systematic absences are listed for every space group. 
At this stage, it is useful to refine powder diffraction profile and lattice parameters 
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without having a structural model. This is done with a so-called LeBail fit (LeBail et 
al 1988). 
Now a structure model can be introduced. The number of atoms in the unit 
cell can be estimated from the atomic volume, which can be extrapolated or 
interpolated from the known atomic volume values at lower or higher pressure. Then 
approximate atomic positions should be found, that can be used as starting values for 
structural refinement. Once an approximate trial structure has been found, the least-
square method of (Rietveld 1969) is used to refine the exact atomic structure. 
Rietveld introduced a method for whole-pattern fitting for use in neutron powder-
diffraction studies. This method has been extended to x-ray powder diffraction as 
well (Young et al 1997). In a Rietveld refinement, a powder pattern is calculated 
from a model based on the trial structure (lattice parameters and atomic coordinates), 
and parameters describing the peak shape and other experimental parameters, such as 
the effects of incident beam polarisation, background, preferred orientation etc. 
These parameters are then adjusted (refined) using a least-squares method until the 
difference between the calculated pattern and the observed pattern is minimised. The 
least-squares attempts to find a set of parameters that minimises the equation: 
/COy, 2 1/2 1 , 	 (2.4) 
Ii 
where y1 is the observed intensity at point I and Yci  is the calculated intensity. c0i is a 
statistical weight often set equal to 1/y.  When switching to Rietveld analysis from 
the Lebail fit, profile and lattice parameters can be kept at their refined using the 
Lebail fit values. 
For the Rietveld refinement in this work, the program GSAS (Larson and 
Von Dreele 1994) is used. The program MPROF (Fitch and Murray 1990) is also 
used in those special cases when some of the hkl reflections needed to be deleted by 
hand from the generated list of reflections, in order to exclude them from the 
refinement. Only the program MIPROF allows the editing of the list of reflections by 
hand. The program JANA2000 (Petricek and Dusek 2000), also based on the 
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Rietveld method, is used for refinement of incommensurate composite structures, 
where a special 4-dimensional formalism is applied (see Chapter 3). 
2.7 Single-crystal diffraction techniques. 
In this section, the procedure of data collection, analysis, and structure 
solution and refinement from single-crystal diffraction data is presented. The 
experimental set-up for single-crystal data collection in the x-ray laboratory at the 
School of Physics of the University of Edinburgh and on station 9.8 at SRS 
Daresbury is described. The procedure of data analysis and integration with the 
programs SMART, GEMINI and SAINTPLUS are presented. The final step of 
structure solution and refinement using the program SHELX is detailed. 
2.7.1 Single-crystal diffraction set-up and data collection. 
The single-crystal data in this thesis were collected with a Bruker SMART 
diffractometer equipped with a CCD detector, both with a laboratory x-ray source 
and on station 9.8 at Synchrotron Radiation Source, Daresbury. Below, the details of 
the experimental set-up on both these facilities will be given. The procedure of the 
data collection and analysis, which is the same for both set-ups, will be then 
presented. 
X-ray lab (University of Edinburgh). 
The single crystal data are collected with the SMART APEX diffractometer. 
This includes a 3-axis goniometer module with SMART APEX detector (Bruker 
AXS) (Figure 2.15). The SMART APEX system has a horizontally oriented 
goniometer base and with 20 and co drives, fixed -stage with x angle of 
approximately 54.74° and a p  drive with 3600 rotation (Figure 2.16). The X-ray 
generator operates at 50 kV and 40 mA. The x-ray beam is produced by a sealed x-
ray tube with a molybdenum (Mo) target. A graphite crystal monochromator selects 
only the Kc line (A. = 0.71073 A) emitted from the Mo X-ray source and passes it 
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down to the collimator. The collimator is equipped with 0.5 mm pinholes, that define 
the size and shape of the incident beam that strikes the specimen. The beam 
diffracted by specimen in the DAC hits the CCD detector. The detector is mounted 
on a 20 track at the sample to detector distance of 6.0 cm (Fig. 2.15). This distance 
can be set with a scale fixed on the track. 
Incident Beam 
Collimator 
Beam Stop  SMART 
Fixed Chi Rotary Shutter 




Detector System - 
Graphite Crystal 
D8 Goniometer 	LL 	 Monochromator 
Fig. 2.15 SMART APEX and goniometer module instrumentation 





Fig. 2.16 Fixed x (chi), 3-axis goniometer 
(from Brucker AXS, SMART APEX User's manual). 
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The experimental set-up in the x-ray lab in Edinburgh is shown in Figure 
2.17. 
Figure 2.17 A photograph of the experimental set-up for single-crystal 
high-pressure diffraction in the x-ray lab in Edinburgh University. 
The sample in the DAC can be centered using a Video camera, which is 
included in the SMART APEX system. The DAC can be oriented perpendicular and 
parallel to the microscope, which allows easy centering. 
As a test sample, a YLID crystal, provided by Bruker, was used to check the 
sample to detector distance and the alignment of the set-up. 
The data are collected in a series of 0-scans with the stationary detector first 
covering 0 to 42 ° in 20 and then 0 to -42 ° in 20. The step in the (o scan is chosen as 
0.2-0.3°. Exposure time for each o-frame is 30 sec. The time for a complete data 
collection is 12-14 hours. 
Station 9.8 (SRS). 
Station 9.8 at SRS Daresbury is located at about 10.7m from the same 5T 
superconducting wiggler as station 9.1. The wavelength of the incident beam X is 
selected by a cylindrically bent asymmetrically cut triangular Silicon (Ill) 
monochromator. The uncollimated beam, which is 2.5 mm wide and 1.0 mm high, is 
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then collimated with a 0.3 mm collimator. The single crystal data on the station 9.8 
are collected at either 0.4765 A or 0.6900 A. 
The single-crystal experimental set-up on station 9.8 is similar to that used in 
the x-ray lab and described above. The difference is in the orientation of the 
goniometer base of the SMART APEX system. On station 9.8 at the SRS Daresbury, 
it is oriented vertically, in contrast to the horisontal orientation of the base on the 
laboratory diffractometer. This is needed because of the linear polarisation of the 
synchrotron beam. 







Figure 2.18 A photograph of the experimental set-up for single-crystal 
high-pressure diffraction on station 9.8 at Daresbury. 
Sample alignment and data collection are the same as described in the 
previous section for the in-house x-ray laboratory experiment. The sample-to-
detector distance is either 7.0 or 10.0 cm depending on the wavelength chosen. A 
shorter exposure time is used, which is is for each frame on the station 9.8 at SRS 
instead of 30 s for each frame with the laboratory source. The step of the (i) scan is 
made 0.1 ° or even 0.075 ° instead of 0.2-0.3 0 used on the laboratory source. The data 
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2.7.2 Data integration and correction. 
The procedure of data integration and correction is the same for the data 
collected on station 9.8 at SRS and with the laboratory diffractometer, and is 
described below. 
The raw single-crystal data are first analysed with the program SMART, 
where the positions of diffraction reflections with intensities higher a certain values 
(threshold) are extracted. Then the positions of these diffraction reflections are 
viewed with the program RLATT (Figure 2.19, a). This graphical presentation of 
reciprocal space allows one to distinguish the single-crystal sample reflections, 
which form rows of reflections, from the non-sample reflections coming from gasket 
and Be support materials, which form powder rings. The single-crystal reflections 
coming from two diamonds of the DAC can also be distinguished from the single-
crystal sample reflections, as they form a cubic lattice and are much more intense 
than the sample reflections. These reflections that do not come from sample are 
deleted using the graphical interface of the program RLATT, so that only the rows of 
sample reflections are left (Figure 2.19, b). 
Figure 2.19 RLATT image showing the information on the reciprocal space obtained for 
Ga-11 phase from single-crystal diffraction with synchrotron radiation. (a) All the 
observed reflections with intensity larger than 1000 counts, including sample 
and non-sample reflections, (b) Only sample reflections are left. 
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The information on reciprocal space, obtained for a sample that is enclosed in 
the DAC, is restricted in comparison to a sample without a cell around it by the 
shadowing effect of the DAC. Due to inaccessible reflections, some of the structural 
information is lost. The relationship between the DAC geometry and its limiting 
effect on the accessibility in reciprocal space can be illustrated with the Ewald 
construction (Miletich et al 2000), as shown in Figure 2.20. Rotation of the crystal in 
S leads to an equivalent rotation of the reciprocal lattice in 0, which brings other k 
vectors onto the surface of the Ewald sphere and thus into the reflection condition. A 
free crystal (without a cell around it) can be rotated by 3600,  and all k vectors within 
this part of the spherically shaped reciprocal radius 2S0 will be successively pass 
through the boundary of the Ewald sphere. For a sample in a DAC, the variability of 
the diffraction angle 20 is dependent on the respective opening angle 2a of 
accessible region and the DAC's relative position to the incident and diffracted 
beam. Any rotation of the cell (and thus of the crystal and simultaneously of its 
reciprocal lattice) is limited to a certain angle by shadowing of the incident and 
diffracted beam (for details see Miletich et al 2000). Thus, the accessible values of 
the reciprocal space vector are limited to the area indicated by grey shading in Figure 
2.20. Only reflections in the grey region are visible. The accessible region of the 
reciprocal space is bounded by a toroidal surface, which has a rotational symmetry 
axis parallel to the cell axis. 
FS 
Figure 2.20 The area of the accessible reciprocal lattice vectors denoted by grey shading, 
restricted by the shadowing conditions of the diamond anvil cell (after Miletich et al 2000). 
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As the region of accessible reciprocal space for a DAC is limited, care has to 
be taken with the orientation of the sample crystal. However, a choice in crystal 
orientation is only available for ambient pressure phases studied under pressure. If a 
phase is studied that only forms under high-pressure then the orientation of the 
crystal is not controllable. In this case, one can be aided by the formation of several 
crystallites (2-3) of the high-pressure phase with different orientation. The crystal 
with best orientation can be chosen for data analysis. An example of reciprocal space 
from 2 crystallites is shown in Figure 2.21 for a high-pressure phase of Cs, Cs-111 
(McMahon et a! 2001a). Another example of a sample with three crystallites is 
shown in Chapter 4, Figure 4.20. Intensities from the reflections coming from 
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Figure 2.21 Reciprocal space plot showing the location of strongest observed 
reflections coming from two crystallites of a sample of a high-pressure phase Cs-il! 
(from McMahon et al 2001a). 
The sample reflections sorted with the help of the RLATT program, are used 
for determination of the UB orientation matrix and the unit cell, using the indexing 
program GEMINI. The UB orientation matrix gives the relationship between the 
coordinates of a reciprocal lattice node and the crystal coordinate system, which is 
defined with respect to the goniometer head. The UB matrix is determined from the 
measured angles x p, and w of the reflections (hkl), from which the coordinates of 
the reciprocal lattice points in the fixed crystal system can be calculated, and from 
the coordinates of the hkl vectors with respect to the reciprocal coordinate system 
(Giacovazzo et al 1992). The unit cell is determined on the basis of the obtained UB 
orientation matrix. From the list of the proposed unit cells, a suitable cell can be 
chosen taking into account the estimated atomic volume. With the program SMART, 
a least-square refinement of the cell parameters and the UB matrix can be performed. 
Then, the overlap of the observed reflection with those predicted by the UB-matrix 
can be check with SMART. Now the data can be integrated using the obtained UB 
matrix. 
Data integration is performed with the program SAINTPLUS. The integration 
process is performed in two steps. During the first integration process, the UB matrix 
is refined using all available diffraction reflections. During the second integration 
process, the final UB matrix is fixed, and only a post-integration global least-squares 
refinement is performed. A very important integration parameter to choose is the size 
of the integration box. The integration box should be small enough that as little 
background as possible gives contributing to the intensity of the reflection. On the 
other hand, the integration box should be big enough that it does not cut the tails of 
the reflection. High-pressure data can pose difficulties in data analysis, when a 
crystal is split into several crystallites that are only slightly rotated with respect to 
each other. The reflections from such crystallites, an example of which is shown in 
Figure 2.22, almost overlap and can not be integrated separately (Nelmes et al 2002). 
In this case, a larger integration box can be chosen to integrate all these reflections as 
one reflection (Nelmes et a! 2002). A similar procedure is applied for data integration 
of a split crystal of Bi-111 (Chapter 3). 
As the single-crystal data collected in a DAC contain many non-sample 
diffraction reflections, such as powder and single-crystal reflections from the DAC 
body parts and diamonds, sample reflections are often overlapped with the non-
sample reflections, which gives wrong intensities for the sample reflections during 
the integration. Therefore, after the integration, the list of the integrated reflections 
should be checked manually, and the sample reflections which intensities are 




Figure 2.22 An image-plate diffraction pattern from a quasi-single crystal sample of Rb-Ill. 
Reflections are up to a few degree wide in the plane of image. The inset shows the much 
larger width of a scan through the (531) multicrystallite reflection along a direction 
approximately perpendicular to the plane of image (from Nelmes et al 2002). 
The integrated intensities should be corrected for absorption. Possible models 
for absorption correction are, for example, an analytical evaluation of the sample 
transmission factor, that assumes a cylindrical or a spherical form of the sample, or 
an experimental absorption correction method that determines the transmission factor 
for a given reflection by a so-called 4I-scan (Giacovazzo et al 1992). The 
determination of the absorption is problematic due to the fact that for different shapes 
of crystals different corrections need to be applied. The absorption correction for the 
data collected in the present work is performed with the program SADABS 
(Sheidrick 1997). The SADABS applies a parametrised function to the observed 
intensities and refines the parameters so that the intensities of the equivalent 
reflections become most possibly equal. The typical correction values given by 
SADABS are such that the R-factor for intensities decreases from 9.8% before 
correction down to 6.5% after correction, as obtained for a data on Gallium high-
pressure structure collected with synchrotron source (Chapter 4). 
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2.7.3. Structure solution and refinement. 
Structure solution and refinement have been performed in this thesis using the 
package WinGX (Farrugia 1999). The integration program SAINTPLUS has 
produced the files containing the ukl indices, intensities and orientation angles of the 
reflections that are needed for the input into the structure solution and refinement 
programs. First, the program XPREP is run to prepare the data for structure solution 
and refinement. The systematic absences are determined and possible space groups 
are suggested. At this stage, the most probable space group is assigned. This data is 
put in a file, which is together with the file containing hkl indices and intensities is 
the input for the structure solution program. The program SHELXS is run to find the 
atomic positions. The search for the structure solution with the SI-IIELXS program 
(Sheldrick 1990) is based on direct methods, which derive the structure factor phases 
directly from the observed amplitudes through mathematical relationships. The 
SHIELXS program gives a crude first approximation of the real structure, that is then 
refined using the program SHELXL. The structure refinement is based on the least-
squares method. Then, the Fourier maps are analysed to check if the structure 
solution is reasonable. If the structure is right, the largest residual density should be 
small, whereas deletion of one of the atoms in the refinement should give a large 
difference peak. 
Chapter 3. 
Incommensurate composite structure in group- 
V elements. 
3.1 Introduction. 
In 1999, the Edinburgh High-Pressure group discovered a new structure type 
in elements, namely a self-hosting incommensurate structure. McMahon and Nelmes 
(Nelmes et al 1999, McMahon et al 2000a) found this structure type in high-pressure 
modifications of alkali-earth metals Ba and Sr. The structure consists of two or more 
interpenetrating host and guest(s) components that are incommensurate with each 
other along one axis. Dr. V.F. Degtyareva (Degtyareva - personal communication) 
pointed out a similarity between the host-guest structure in Ba and the published 
structures of Bi-Ill and Sb-II (Iwasaki and Kikegawa 1990, Chen et al 1994, Chen et 
al 1996). This observation stimulated the current diffraction studies on group-V 
elements. 
The purpose of this chapter is to review or present the following: 1) Previous 
studies of group-V elements are reviewed, including details of previous attempts to 
solve the complex structures of these elements. 2) Results of the Edinburgh High 
Pressure group with the active involvement of the author of this thesis, which gave 
the solution of the basic structure of Bi-Ill, Sb-IL and As-HI as an incommensurate 
host-guest structure. 3) Description of a powder diffraction study that resulted in the 
discovery of a new high-pressure phase, SbII*;  a solution of its structure on the 
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basis of an incommensurate host-guest structure; and a novel phase transition from 
one incommensurate phase to another incommensurate phase. 4) The basics of the 4-
dimensional crystallography that is required to fully characterise these 
incommensurate host-gust structures (recognised by the author of the thesis) and its 
application to the host-guest structures of Bi-HI and Sb-H. 5) The details of initial 
refinement of these structures from powder data performed by the author using a 
simple model to describe the modulation in Bi-Ill, Sb-11, Sbll*  and As-HI. 6) 
Modelling of the modulation in the Bi-Ill structure, using the Maximum Entropy 
Method, done by M.I. McMahon and colleagues from the University of Bayreuth in 
collaboration with the author, which was made possible by using additional data 
collected from a single-crystal. 7) A summary and comparison of all the 
incommensurate host-guest structures discovered so far in elements. 
3.2 Previous high-pressure diffraction studies on group V elements 
In this section, literature data on high-pressure studies of group-V elements 
As, Sb and Bi are reviewed. The first part describes the common transitions sequence 
for these elements. The second part reviews attempts to solve crystal structure of 
complex phases Bi-Ill, Sb-11 and As-Ill. 
3.2.1. Common high-pressure transition sequence. 
At ambient pressure, the group-V elements As, Sb and Bi crystallise in a 
rhombohedral As-type structure with 2 atoms in the unit cell (Pearson notation 
(Pearson 1967) hR2), space group R3in. Ambient pressure lattice parameters and 
atomic volume for As, Sb and Bi are given in Table 3.1. 
The As-type structure can be considered as a small distortion of a simple 
cubic (sc) structure. Each atom in the As-type structure has three short contacts in the 
layer (d1 ) and three longer contacts (d2) with the atoms of the adjacent layer, as 
shown in Figure 3.2. This results in a distorted octahedral (3+3) coordination. The 
As-type structure is characterised by the c/a ratio and the z parameter of the Wyckoff 
position 6c (0 0 z), if described in hexagonal axes. With increasing atomic number, 
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Under pressure (at room temperature), the group-V elements As, Sb and Bi 
shown a similar phase transition sequence, which is summarised below. The 
transition pressures increase from the light As to the heavier Bi. 
As: As-type (hR2) 25GPa 	simple cubic (cPl) 	48GPa  As-Ill 97GPa bcc (c12) < 122 GPa 
Sb: As-type (hR2) 	 8.6GPa Sb-TI 	28GPa bcc (c12) < 65 GPa 
2.55GPa 	 2.8GPa 	 7.7GPa Bi: As-type (hR2) 	 monoclinic (,nC4) 	 B i-Ill 	bcc (c12) <7OGPa 
At 25 GPa, As transforms from the hR2 phase to the sc structure (As-H) 
(Kikegawa and Iwasaki 1987, Beister et al 1990). The sc cubic has one atom in the 
unit cell occupying the la (0 0 0) positions of the space group Pm 3m. The sc phase 
is stable in As up to 48 GPa, where it transforms to the As-ill phase with a complex 
crystal structure (Green et al 1995). 
For Sb, the hR2 structure approaches the sc structure on compression. For a 
long time, the hR2 structure was believed to transform into sc (Kabalkina et al 1964, 
Vereshchagin and Kabalkina 1964, Kabalkina et al 1970), until it was shown that the 
sc phase does not form (Schiferl et al 1981). The Sb-I (hR2) phase was shown to 
transform directly into another complex phase, Sb-H, at 8.6 GPa (Schiferl et al 1981, 
Iwasaki and Kikegawa 1986). 
For Bi, the hR2 structure also approaches sc under pressure and transforms at 
2.57 GPa to a Bi-II phase (Bridgman 1935). This phase, described by (Brugger et al. 
1967), has a monoclinic structure with 4 atoms in the unit cell (mC4) occupying the 
position 4i (x 0 z) of the space group C2/m, with x = 1/4 and z = 1/8. The lattice 
parameters are given as a = 6.674 A, b = 6.117 A, c = 3.304, and /3= 110.33 0 at 2.6 
GPa. The structure of Bi-il is shown in Figure 3.2. Each atom has 7 nearest 
neighbours at the following distances at 2.6 GPa: d1(1) = 3.1468 A, d2(2) = 3.1681 A, 
d3(2) = c = 3.3040 A, d4(1) = 3.3956 A, 45(1) = 3.7058 A. The monoclinic structure 
of Bi-11 is unique and can be considered as a distorted sc array. Bi-II has a very 
narrow stability range, and it transforms at 2.77 GPa (Bridgman 1942) to the Bi-ifi 
phase with a complex crystal structure (see below). The I-il transition disappears at 
temperatures below -200 K (Young 1991). 
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Figure 3.2 The mC4 structure of Bi-11 (Brugger et al 1967). Unit cell is shown by thin line. 
The crystal structures of As-Ill, Sb-11 and Bi-Ill phases are known to be 
complex and similar to each other. The many attempts to solve these structures are 
described in the next section. 
At higher pressures, the complex phases As-Ill, Sb-I! and Bi-Ill transform to 
a body-centered cubic (bee) phase. The bee structure represents the current end 
member of the high-pressure structural sequences of As, Sb and Bi, and is obtained 
at pressures of 97 (Greene eta! 1995), 28 (Aoki eta! 1983) and 7.7 GPa (Aoki et al 
1982), respectively. The bee structure has 2 atoms per unit cell occupying position 2a 
(0 0 0) of the space group Im 3 m. The atoms in the be(-- structure have 8+6 nearest 
neighbours. This atomic arrangement is one of the most commonly adopted 
structures under high pressure, and is also adopted by many metallic elements and 
compounds at ambient conditions of pressure and temperature. The packing density 
(the percentage of space in the unit cell that is filled by spherical atoms) is 68% for 
the bee structure. The highest possible packing density of 74% is realised in the 
hexagonal close-packed and face-centered cubic structures. 
3.2.2. Complex crystal structure of Bi-Ill, Sb-Il and As-Ill. 
The high-pressure phase of Bi-Ill has a long history starting in 1934, when 
Bridgman detected a large volume change by volumetric measurements (Bridgman 
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1935). The diffraction photograph of Bi-Ill was noted to be similar to that of the 
high-pressure phase of antimony (hereafter named Sb-H) (McDonald et a! 1965). 
Over the past four decades various solutions have been proposed for Bi-HI and Sb-111. 
X-ray diffraction studies of Sb-il in Russia in the 1960's (Kabalkina et al 
1964, Vereshchagin and Kabalkina 1964, Kabalkina et al 1970) reported first a 
hexagonal close-packed (hcp) and then a monoclinically distorted SnS-type structure. 
In 1969, Brugger et al collected neutron diffraction data from Bi-111, revealing the 
complexity of the structure. Although they listed the position of 36 Bragg reflections, 
no solution was proposed (Brugger et a! 1969). In 1972, Duggin (Duggin 1972) 
analysed the data of Brugger for Bi-III (Brugger et al 1969) and the data of 
Kabalkina for Sb-TI (Kabalkina et al 1970) and proposed a tetragonal cell with a = 
8.805 A and c = 6.475 A for Bi-1111 at 3.0 GPa. A neutron diffraction study of Bi-ifi 
by (Fedotov et al 1978) suggested an orthorhombic structure. However, in neither 
case is the fit to the experimental data convincing. A 1986 study of Sb-111 in Japan 
using x-ray diffraction with improved resolution suggested a new monoclinic 
structure (Iwasaki and Kikegawa 1986). 
The advent of new angle-dispersive x-ray diffraction methods in the 1990's, 
using monochromatic synchrotron radiation and an image-plate area detector, 
enabled diffraction data of unprecedented quality to be obtained for Sb-111 and Bi-Ell 
(Iwasaki and Kikegawa 1990, Chen et al 1994, Chen et al 1996). Using such 
techniques, a primitive tetragonal cell with 10 atoms (tPlO) with the space group 
P4/n was proposed for Sb-TI and Bi-III.(Iwasaki and Kikegawa 1990, Chen et al 
1994, Chen et al 1996). The atoms were placed in the position 8g (xy z) with x = 0. 1, 
Y = -0.1 and z 0.25, and position 2c (0 ½ z) with z 0. For Bi-111, the lattice 
parameters were reported as a = 8.659 A, c = 4.238 A at 3.8 GPa (Chen et al 1996). 
This structure provides a very good fit to the reported peak positions and appears to 
account for all observed Bragg reflections of Bi-Ill (Figure 3.3). However, the 
calculated atomic volume at 3.2 GPa (Chen et al 1994) and 3.8 GPa (Chen et al 
1996) would require a volume increase of 2.0(1)% at the Bi-H to Bi-III transition, if 
compared with the data from the volumetric measurements from (Bridgman 1935) 
and the structural data for Bi-II (Brugger 1967). This is illustrated in Figure 3.4. This 
is clearly unphysical and suggests the tPlO structure of Bi-111 is incorrect. 
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Figure 3.3 The diffraction pattern of Bi-Ill showing the Rietveld fit with 
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Figure 3.4 The volume-pressure relation for Bi, with the data for Bi-I, II and III from 
Ref. (Bridgman 1935, Brugger 1967). The solid line is a guide to the eye. 
The data for Bi-Ill from (Chen et a! 1994, Chen et a! 1996) are given to 
show an unphysically large atomic volume provided by the tPlO structure. 
More recently, (Maclean 1998) in his thesis at the Edinburgh University, also 
using image-plate techniques, proposed the structure of Bi-1111 and Sb-il to be a small 
monoclinic distortion of the tPlO cell. This distorted cell explained all the observed 
reflections for Bi-111, but still gives an unphysically large volume in relation to Bi-H. 
This suggests that the crystal structure of Bi-111 and Sb-il phases needs to be revised. 
The crystal structure of As-ill phase was initially reported to have an 
orthorhombic a-Np structure (Green et al 1995). In Figure 3.5, the original 
diffraction pattern is shown from which the structure is solved. In Chapter 2 I 
discussed the disadvantages of the EDXD techniques, and from this particular pattern 
it can be seen the solution is unreliable. These diffraction data (Green et al 1995) 
have been reanalysed by (Iwasaki 1997), and it was suggested that As-ill might have 
the same structure as Bi-1111 and Sb-11, and the As-ill data have been re-indexed on 




Figure 3.5 EDXD pattern of As-ill at 106 GPa, from (Green et al 1995). 
"g" denotes diffraction peaks from the gasket material, asterisks indicate 
diffraction peaks from pressure standard material. 
It is clear, that new accurate diffraction data of As-HI are needed to solve its 
crystal structure. 
We have noted that the atomic arrangement of the tPlO structure of Sb-H and 
Bi-1111 (Iwasaki and Kikegawa 1990, Chen et al 1996) has a striking similarity to that 
of Ba-N (Nelmes et al 1999) if viewed along the c-axis (Figure 3.6). 
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Figure 3.6 (Left) Host-guest structure of Ba-IV in projection along the c-axis 
(from Nelmes et al 1999). (Right) The atomic arrangement of Bi-Ill along 
the c-axis of the tPlO unit cell (modified from Chen et al 1996). 
The structure of Ba-IV, a high-pressure phase of a group-I element Ba stable 
between 12 and 25 GPa, has been recently solved as an incommensurate host-guest 
structure (Nelmes et al 1999). In the light of this we have re-examined the structure 
of Bi-Ill, Sb-111, and As-Ill and report a solution based on the incommensurate Ba-IV-
type structure. 
3.3 Solution of the basic incommensurate host-guest structure 
In this section, a solution of the basic structure is reported for complex phases 
of Bi-Ill, Sb-II and As-Ill. First, the details on the prototype Ba-IV structure are 
given. In the following sections, the solution of Bi-11I structure based on a quasi-
single crystal diffraction data is presented. Then, the structures of Sb-II and As-111, 
solved from powder diffraction data in analogy with Bi-11I, are described. A 
discovery of a new phase in Sb, SbII*,  is reported, and its structure solution is 
presented. 
3.3.1. The Ba-IV prototype structure. 
Determination of the recently reported structure of a high-pressure phase of 
Barium, Ba-IV (Nelmes et al 1999) by the Edinburgh High-Pressure Group, stable 
between 12 and 45 GPa, came from a single-crystal experiment. This single-crystal 
of Ba-IV, grown in a pressure cell, has played a pivotally important role in the 
structural identification of this complex structure. Indeed, the structure solution could 
not have been obtained using only powder methods as the information obtained from 
Mel 
powder techniques is inadequate. As discussed in Chapter 2, overlapped powder 
diffraction lines can not be resolved. Moreover, the powder lines from two different 
components of composite structure can not be distinguished. In single-crystal 
diffraction the spots are separated in space, which makes it easy to resolve them. The 
diffraction spots from two different components in composite structure can be easily 
distinguished in the single-crystal diffraction data as they give two different sets of 
reflections. 
Thus, from the single-crystal data, the Ba-IV structure is found to have a 
remarkable self-hosting structure, comprising a tetragonal host with chains of guest 
atoms running inside the host channels along the tetragonal axis of the host (Nelmes 
et al 1999). In the Ba-IV structure, the chains of atoms form two different crystal 
structures - tetragonal and monoclinic body-centered - and one of these was found to 
undergo a structural phase transition without any accompanying structural change in 
the host structure. 
A 2-d image from a single-crystal of Ba-IV is shown in Figure 3.7. As can be 
clearly seen, this extraordinary image reveals an astonishing diffraction pattern. The 
observed reflections can be readily classified into three different groups: reflections 
that are located on layer lines without diffuse scattering; reflections on the diffuse 




Figure 3.7 A 2-d image from a single crystallite of Ba phase IV showing lines of diffuse 
scattering. The powder rings are from another powder phase and a week contaminant. The 
insert enlarges the marked area, and the arrows indicate satellite peaks adjacent to (stronger) 
main reflections on the diffuse lines. The arrow in the 2-d image marks a line of main peaks 
which is without diffuse scattering. (From Nelmes et al 1999). 
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Diffraction images were recorded as the sample was rotated in 0.50  steps 
around an axis perpendicular to the diffuse planes and these revealed the distribution 
of scattering in reciprocal space. The diagram illustrating the reciprocal lattice is 
shown in Figure 3.8 (Nelmes et al 1999). The open circles mark reflections from the 
main (host) body-centered tetragonal (1) unit cell (aj = b1 = 8.42 A and c1 = 4.74 A). 
The large crosses mark reflections that can be indexed on a C-face-centered 
tetragonal (guest) unit cell with the same dimensions in the a-b plane, but with CC = 
3.41 A. The filled circles mark reflections that can be indexed on four identical C-
face-centered monoclinic (guest) unit cells, related by 90 ° rotations around the 
tetragonal c-axis, with am = 8.46 A, bM = a, CM = 3.43 A and JiM = 96.150. As 
indicated by the different sized circles, the reflections of one of these monoclinic (M) 
lattices are much stronger than those of the other three. The shaded areas indicate the 
planes of diffuse scattering that arise from a (partial) disorder of the guest atom 
chains in their position along the c-axis. The intersection of these sheets with the 
detector plane is observed in powder diffraction images as lines of diffuse scattering 
(Figure 3.7). As the disorder involves atom displacement along the c-axis, there is no 
diffuse scattering through the origin of the reciprocal lattice (lwG = 0) (Figure 3.7 and 
3.8). 
kh 
Figure 3.8 Composite reciprocal lattice of phase IV, showing the I (open circles), 
C (large crosses), and M (small filled circles) reflections, and planes of diffuse scattering. 
In phase lVb (see later in text), the M reflections are replaced by peaks at the positions 
of the small crosses. The kh0 reflections are from all three components, as indicated. 
(From Nelmes et al 1999) 
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The lattice parameters of the cells in the a-b plane, aj, b1, ac, bc, bM and the 
projection of the am on the a-b plane are equal to each other. The ratio of the Cj lattice 
parameter with CC and CM gives an irrational number. This is illustrated in Figure 3.9 
by two ladders, where the step height of the ladders represents the c-lattice 
parameters of the host and one of the guest cells. If the ratio of the step heights (CH 
/CG) is an irrational number, then the rungs of the ladders will never again be at the 
same level. In this case, the structure is said to be 'incommensurate' because there is 
no distance along the c-axis at which it repeats exactly. 
7/5-> 
3/2-> 
Figure 3.9 Two ladders with different step height between the rungs represent 
an incommensurate structure with a CH/CG ratio approximately equal to 3/2. 
The value of 7/5 is a better approximation for the same axial ratio. 
Thus in Ba-IV, the I, C and M lattices are all commensurate with each other 
in the tetragonal a-b plane. But, the C and M lattices - and the planes of diffuse 
scattering - are incommensurate with the I lattice along the c axis. 
The reported structure solution of Ba-IV is shown in Figure 3.10, which was 
obtained from single-crystal data. The non-hk0 I lattice reflections give the host 
structure shown by dark symbols. There are eight atoms in the unit cell, occupying 
site 8h of space group 141mcm, with coordinates (x x+112 0) with x = 0.1486(1) at 
12.1 GPa. Misfits of this structure to the hk0 intensities revealed that the octagonal 
channels of the (host) I structure are occupied by guest chains of atoms running 
along the tetragonal c-axis. These chains form the structures, shown in the inset (i) 









Figure 3.10. Structure of Ba phase IV. The host I structure (dark symbols) 
with guest chains (light symbols) is shown in a c-axis projection. 
The I-structure atoms are labelled with their z-coordinates. 
The insets show (i) the C and (ii) the M guest structures. 
A Rietveld refinement of a powder pattern of Ba-IV at 12.0 GPa with the 
composite host-guest structure detailed above gave the following unit cell 
dimensions: ac = bc = bM = a1 =8.421(1) A, cj = 4.7369(4) A, am = 8.462(4) A, tiM = 
96.15(1)° , CC = 3.4117(5) A, and CM = 3.4269(7) A. 
The powder diffraction patterns of Ba-TV indicate that there is a change in 
guest diffraction reflections at pressure 12.5(2) GPa (Nelmes et al 1999). The phase 
below this pressure that described above was labelled Ba-VIa and the phase above 
this pressure was labelled Ba-IVb. A single-crystal study on the Ba-IVb phase at 12.8 
GPa showed that there is no change in the C or I structures in passing through the 
IVaJIVb transitions. But the four sets of monoclinic reflections in Wa were replaced 
by another set of reflections, denoted by small crosses in Figure 3.8. These can be 
indexed on an orthorhombic unit cell with c = -3.41 A. This cell was denoted as the 
o component of IVb. Refinements of powder data at 12.9 GPa gave ac = bc = al = 
8.346(3) A, c1 = 4.697(1) A, CC = 3.4095(5) A, and c0 = 3.407(3) A. Within error 
there is no difference between CC and co . The detailed structure of the 0 guest 
component in IVb has yet to be solved. However, it is clearly another arrangement of 
the c-axis chains. 
Since the C, M and 0 guest structures are all identical in a c-axis projection, 
the relative occupancies of the host and guest parts can be obtained from a 
simultaneous fit to the hkO reflections and the non-hkO I-lattice reflections. In phase 
IVa at 12.1 OPa, the guest sites refine to a 100% occupancy within a 1% error. There 
are then cj I CC,M = CH/CG = 1.388 guest atoms in each of the two channels in the I unit 
cell, and hence a total of 8 + 2* CH/CG = 10.776 atoms in the I cell. The CH I CG ratio 
changes with pressure. The measured values of CH I CG versus pressure can thus be 
used to derive the compression of Ba-TV with pressure. 
A similar incommensurate host-guest structure has been found for a high-
pressure phase of another group-I element Sr, Sr-V, stable above 45 GPa (McMahon 
et al 2000a). The Sr-V structure was reported, from powder diffraction data, to 
consist of two interpenetrating components, a body-centered tetragonal host and a C-
face centered tetragonal guest, incommensurate with each other along the common 
tetragonal axis. The lines of diffuse scattering, similar to those in Ba-TV, were also 
observed for Sr-V, indicating a (partial) disorder of guest chains. An indication of a 
transformation in the guest component of Sr-V is reported above 71 GPa (McMahon 
et al 2000a). 
A related to Ba-IV and Sr-V structure is known in Hg 3 AsF6 (Brown et al 
1974). The Hg atoms form chains that tun through two, non-intersecting, 
perpendicular sets of channels in the AsF 6 host structure and are incommensurate 
with it. The Hg guest atoms form an ordered 3D structure below 120 K only 
(Hastings et al 1977). There is also a commensurate prototype of the Ba-TV structure 
formed by Al2Cu and other intermetallics. The Al atoms have the same structure as 
the Ba-TV host, and the Cu atoms form the chains (Wyckoff 1963). The structure of 
Ba-TV belongs to the class of the incommensurate intergrowth compounds that are 
crystalline materials with long-range order but without three-dimensional translation 
symmetry. They can be characterised in a good approximation as a collection of 
ordinary crystals, each one being translational symmetric. The incommensurate 
intergrowth structures have been known since 1960's and are found in organic, 
inorganic, organo-metallic and mineral compounds (Van Smaalen 1992). However, 
all the examples of the incommensurate intergrowth known included two or many 
component systems. The host-guest structure discovered in Ba-TV is the first 
example of an incommensurate composite structure in a one-component system. 
65 
3.3.2 Bi-III 
As shown above, the tPlO crystal structure of the high-pressure phase of 
Bismuth, Bi-Ell (Chen et al 1996) resembles a striking similarity to the Ba-TV 
structure, if they both viewed in projection along their c-axes. Both structures are 
tetragonal, and have a similar number of atoms per unit cell: 10 atoms in Bi-Ell and 
10.78 atoms in Ba-IV. The atomic volume of Bi-Ill phase derived from the tPlO 
structure (Chen et al 1996) does not agree with that of the low-pressure phase, as was 
shown in section 3.2.2, Figure 3.4. The similarity between the proposed tPlO 
structure for Bi-III and the host-guest structure of Ba-TV, and apparent problems with 
the tPlO solution for Bi-1111, have stimulated our new diffraction studies. These will 
be described in this section, where the solution of Bi-HI based on a host-guest 
composite structure will be presented. 
Diffraction patterns of Bi collected at ambient pressure revealed the sample to 
be finely powdered, with little preferred orientation. A 2-d image and an integrated 
profile of the Bi-I with the rhombohedral hR2 structure are shown in Figure 3.11(a). 
On pressure increase at room temperature, Bi-I transformed to the Bi-il phase, with 
the known C21m monoclinic structure (Brugger 1967) at 2.60(1) GPa (Figure 3.11 b), 
and Bi-TT transforms to Bi-Til at 2.75(1) GPa (Figure 3.11 c). Further increase in 
pressure resulted in a phase transition from Bi-III to the body-centered cubic phase, 
Bi-V, at 8.5(5) GPa. A typical diffraction pattern of Bi-V is shown in Figure 3.11 (d). 
While the diffraction patterns of Bi-T remain smooth, the diffraction patterns 
obtained from Bi-H, and, in particular, Bi-Til are highly textured, as can be seen in 
Figure 3.11. The observed spottiness of the powder diffraction patterns arises 
through re-crystallisation at the T—>IT and ][I—*HI transitions, probably because of the 
low melting temperature of Bi-TI. 
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Figure 3.11 2-d images (right) and integrated diffraction patterns (left) for the 
I, II, III and V phases observed in Bi on pressure increase. The hkl indices of 
some diffraction reflections are shown for Bi-I, Bi-11 and Bi-V. "g" denotes 
the diffraction peaks from gasket material, asterisk in the Bi-V 
pattern indicates the remaining B i-Ill diffraction peak. 
On pressure decrease, the diffraction patterns of Bi-HI were significantly 
more textured than those obtained on pressure increase, and contained several strong 
Bragg reflections from sizeable crystallites (Figure. 3.12). 
Figure 3.12 Diffraction pattern of Bi-111 at 6.1 GPa after 8 hours exposure. 
The parallel lines of diffuse scattering come from a single crystallite 
indicating a possible disorder between the chains of atoms. 
In addition, the diffraction pattern contains three parallel lines of diffuse 
scattering. Similar diffuse scattering was recently reported in high-pressure phases of 
the elements Ba and Sr (Nelmes et al 1999, McMahon et al 2000a) (see section 
3.3.1). In these phases the diffuse scattering arises from disorder between the 1-
dimensional chains of guest atoms. The existence of diffuse scattering in the Bi-Ell 
patterns suggests that Bi-Ill might have a similarly complex structure containing 1-
dimensional chains. As the solution of Ba-IV was possible only through the growth 
of a single crystal (Nelmes et al 1999, section 3.3.1), we attempted to grow a single 
crystal of Bi-HI. Trials using small cut pieces of Bi, rather than ground samples, 
revealed that (relatively poor) single-crystal samples of Bi-HI could be obtained quite 
readily by firstly increasing the pressure above 9-10 GPa into phase V, and then 
decreasing the pressure slowly back into phase III. 
The diffraction pattern from a sample at 4.5 GPa obtained using this 
technique is shown in Figure 3.13. This is a stationary image of a bad single crystal 
collected using the powder diffraction set-up. Because the single-crystal reflections 
mo 
are elongated in reciprocal space they intersect an Ewald sphere constructed for a 
certain angle 0, so that several reflections satisfy the Bragg's law (see Figure 2.1 in 
Chapter 2). It contains some 24 single-crystal reflections which can be divided 
clearly into two classes - those lying on the planes of diffuse scattering, and those 
not. The 20 values of these reflections were used to identify the corresponding 
reflections in a powder diffraction pattern. From a powder diffraction pattern, the 
exact 20 values of the two classes of reflections were measured, and the reflections 
were indexed using the program DIC VOL (Boultif and Louer 1991). The reflections 
that lie on the layer lines without diffuse scattering are accounted for by a tetragonal 
cell with aH  = 8.6018(5) A and cjj =4.2073(4) A. The reflections that lie on the 
diffuse lines are accounted for by a second tetragonal cell with aG = 8.60 19(7) A and 
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Figure 3.13 2-d image from a (bad) single crystallite of Bi-Ill at 4.5 GPa. Two classes of 
single-crystal reflections are indexed: those lying on the lines of diffuse scattering (lo) are 
guest reflections, and those on the lines without diffuse scattering (l) are host reflections. 
We note that aH = aG, and that CH / CG =1.309 is irrational number. This means 
that the lattice parameters in the a-b plane are the same in both cells, and the periods 
along the c-axis of these two cells are incommensurate with each other. 
The systematic absences of the observed reflections are consistent with space 
groups I4Imcm and 141mnzm, respectively. It would appear that, as in Ba and Sr 
(Nelmes et al 1999, McMahon et al 2000a), Bi-Ill is a complex structure composed 
of two interpenetrating components: a tetragonal host, and a tetragonal guest that is 
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incommensurate with the host along the c-axis. We noted that the intensity 
distribution of the strong peaks of the host cell in Bi-III is similar to that in the host 
cell of Ba-N. Therefore, as in the host structure of Ba-N, the eight atoms in the 
body-centered tetragonal host cell of Bi-Ill were placed in position 8h (x x+1/2 0) of 
the space group 141mcm, with x z 0.15. The guest cell in Bi-ilI is body-centered 
tetragonal with 2 atoms occupying position 2a (0 0 0) of the space group I4Immm. 
This is a new kind of guest cells, as in Ba-IV, C-face-centered tetragonal and 
monoclinic guest structures have been reported. 
To be able to get the best refinement of the structure of Bi-HI, we attempted 
to minimise re-crystallisation, and thereby produce smoother powder patterns, by 
increasing the pressure at low temperature, further away from the Bi-il melting 
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Figure 3.14 P-T phase diagram of Bi (modified from Tonkov 1992). The dashed arrows 
represent schematically the P-T path followed to produce a fine powder sample of Bi-Hl 
A ground sample was initially increased in pressure to 2 GPa, and then 
cooled to 200 K using dry ice. At this temperature the pressure was increased into 
phase III, and the sample was then allowed to warm back to room temperature, 
where the pressure was measured as 6.8 GPa. The image of the diffraction pattern 
from this sample shown in Figure 3.15 is considerably smoother than those obtained 
on pressure increase at room temperature. The resulting sample is without any large 
crystallites. 
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Figure 3.15 2-d image of Bi-Ill at 6.8 GPa and room temperature obtained by 
increasing pressure at low temperature, as shown in Figure 3.14. 
Smooth diffraction rings are observed and no diffuse scattering can be detected. 
A Rietveld fit to the integrated profile obtained from this pattern is shown in 
Figure 3.16. As in Ba and Sr, it is necessary to fit the Bi-HI structure using two 
separate phases, and to separately model the intensities of the hkO reflections that 
have contribution from both host and guest components. This method of fitting is 
described in Refs. (Nelmes et al 1999, McMahon et al 2000a). The non-hk0 host 
intensities are fitted by the first phase, the non-hk0 guest reflections are fitted by the 
second phase. To model the common hk0 reflections, a second set of guest atoms 
should be inserted into the first phase. These guest atoms of the first phase should be 
given a very large parameter of thermal motion along the c-axis to smear them in 
uniform rods of electron density, so that they contribute to the diffraction only in the 
a-b plane. The hk0 reflections should be deleted from the list of reflections of the 
second phase, as they are fitted by the first phase. 
Applying this method of fitting to Bi-Ill, we insert two phases in the 
refinement. One phase has 8 host atoms in the 8h (0.15 0.65 0) position and 4 guest 
atoms in the 4a (0 0 0) position of the space group 141mcm. The guest atoms are 
given a large thermal motion parameter along the c-axis (50 against 0.003 along a-
and b-axis). The occupancy of the guest atoms was refined and gave 0.65 instead of 
1, to reproduce the real number of guest atoms in the host unit cell equal to 2* CH / CG 
= 2.618 instead of 4 atoms given by the model. This atomic arrangement reproduces 
the full structure in the a-b projection, therefore giving the right intensities for the 
71 
hkO reflections. It also gives the right intensities for the non-hkO host reflections. The 
second phase has 2 guest atoms in the 2a (0 0 0) position of the space group 141mmm, 
and the hk0 reflections are deleted from the list, as they are already accounted for by 
the first phase. The deletion of reflections from the list can be done in the Rietveld 
refinement program MPROF for Unix. A constraint is introduced to keep the a and b 
lattice parameters of both phases the same. 
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Figure 3.16 Rietveld refinement of the Bi-Ill at 6.8 GPa with the host-guest structure. 
Tick marks on the refinement show the peak positions from host reflections (upper ticks) 
and guest reflections (lower ticks).The arrows indicate the two weak extra reflections 
not accounted for by the host-guest structure. 
The resulting fit can be seen to be very good. Remaining discrepancies 
between observed and calculated profiles arise from the limitations of the preferred 
orientation model used in MPROF. 72 diffraction reflections of Bi-1111 are resolved in 
the integrated profile in Figure 3.16, and all reflections except two extremely two 
weak peaks are accounted for by the composite host-guest structure. A possible 
explanation of these two peaks is given at the end of this section. 
The refined value of the host structure x coordinate at 6.8 GPa is 0.1536(3), 
which is bit different from the value 0.1484(3) in Ba-IV (Nelmes et al 1999) and 
0.1460(2) in Sr-V (McMahon et al 2000a). Refinements of two further Bi-Ell samples 






0. 1544(3) at 5.0 GPa. The refined lattice parameters at 6.8 GPa are aH = aG = 
8.5182(2) A, CH = 4.1642(2) A, and CG = 3.1800(3) A, giving ctj I CG ratio of 
1.309(1). This is somewhat smaller that the value of 1.378(1) in Ba-IV and 1.404(1) 
in Sr-V (Nelmes et al 1999, McMahon et al 2000a). 
The refined host-guest structure is shown in projection down the c-axis in 
Figure 3.17. The inset shows the guest structure on the same scale. The host structure 
is the same as found in Ba-TV (Nelmes et al 1999) and Sr-V (McMahon et al 2000a). 
This host structure can be regarded as being built from planar square-triangle nets of 
atoms. In the notation of Pearson (Pearson 1972), these are 32434  nets since atoms 
form part of three triangles (3) and two squares (4), arranged in the sequence 
"33434" around one atom. The host structure comprises such 32434  nets stacked 
along the z-axis, at z = 0 and z = 1/2 with those at z = 1/2 offset by [½, ½, 0]. The 
squares of these nets are centered above one another, forming octagonal channels 
running along the z axis, which are occupied by 1-dim chains of guest atoms. The 
chains of the guest atoms are correlated with each other forming a 3-dim body-
centered tetragonal structure. 
--.--- __c_ . 
Figure 3.17 Structure of Bi-Ill shown in projection down the c-axis. The 32434  nets 
of the host structure located at z = 0 (dark grey symbols) and z = '/ 2 (light grey symbols) 
are outlined using solid and dashed lines, respectively. The guest atoms are shown using 
black symbols. The inset shows a perspective view of the guest structure on the same scale. 
This body-centered tetragonal guest structure is different from the C-face-
centered tetragonal and monoclinic guest structures found in Ba and Sr. However, all 
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these guest structures are formed by chains of guest atoms and differ only by a shift 
of chains with respect to each other along the incommensurate c-axis. The 
observation of diffuse scattering in addition to Bragg reflections from the guest cell 
(Figures 3.13 and 3.14) means that some of the guest chains are randomly disordered 
in their positions along the c-axis. This causes sheets of diffuse scattering in 
reciprocal space. The intersection of these sheets of diffuse scattering with the 
detector plane is observed in diffraction images as lines of diffuse scattering (Figures 
3.13 and 3.14). As the disorder involves displacement along the c-axis, there is no 
diffuse scattering through the origin of the reciprocal lattice (lwG = 0). 
Diffraction patterns from Bi-Ill (see Figure 3.16) contain an interesting 
feature. Reflections with I # 0 have a contribution from either only the host cell or 
only the guest cell, while hkO reflections have contribution from both host and guest 
cells. This reflects the fact that the guest cell explores all possible positions relative 
to the host cell along the c-axis. Although the host and guest cells appear to be 
independent along the c-axis, they are correlated in the a-b plane as both tetragonal 
cells have the same lattice parameter a. The host and guest structures thus scatter 
coherently in this plane. The question of the correlation of the host and guest 
structures along the c-axis, that causes a modulation of both cells, is addressed in the 
later section 3.4. 
In the host-guest structure of Bi-HI, the CH / CG ratio decreases with pressure, 
as illustrated in Figure 3.18 (top). This shows that the compression of the host and 
guest cells is slightly different. The slighter higher compression of the host cell 
means that some of the atoms in the guest chains must be "squeezed out" of the host 
structure with increasing pressure. The same effect takes place more strongly in Ba-
IV and Sr-V, where the CH / CG ratio decreases significantly with pressure (Nelmes et 
al 1999, Bovornratanaraks 2001). The host structure in Bi-HI compresses 
isotropically as the c / aH ratio is constant over the stability pressure range of Bi-ifi 





2 	 4 	 6 	 8 	10 
Pressure (GPa) 
Figure 3.18. Pressure dependence of the CH / CG ratio (top) 
and the CH / aH ratio (bottom) for the B i-Ill structure. 
A curious feature of the incommensurate host-guest structure is that the host 
cell contains a non-integer number of atoms, which changes with pressure. This 
number cannot be determined without the knowledge about the occupancy of the 
guest sites. The quality of the present powder diffraction data does not allow us to 
obtain an accurate value for this occupancy: refinements show a strong correlation 
between the refined occupancy and the variable parameters of the preferred 
orientation model. However, the guest cites are known to be 100% occupied in Ba-
IV (section 3.3.1). If the same is assumed for Bi-Ill (and our later single-crystal data 
confirm this, see section 3.4.4), then there are ciii CG =1.309 atoms in each of the two 
channels of the host unit cell of Bi-Ill at 6.8 GPa. Thus, there are 8 + 2* CH / CG = 
10.618 atoms in total in the host unit cell. As the CH / CG ratio slightly decreases with 
pressure from 1.311(l) at 3 GPa to 1.309(1) at 8.5 GPa, as shown in Figure 3.18 
(top), the number of atoms in the unit cell changes from 10.622(1) to 10.618(1) over 
this pressure range. 
The relative compression (ViV0) for various high-pressure Bi phases, 
calculated from the present data, is presented in Figure 3.19. For comparison, data 
are shown from volumetric measurements of Bridgman 1935 for BI-HI and structural 
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data of Brugger et a! 1969 for Bi-II. The relative compression of Bi-111, calculated 
from the host-guest structure assuming 100% guest-site occupancy, is 0.849 at 3 
GPa, which is in good agreement with volumetric measurements of Bridgman 1935. 
The host-guest structure gives the volume changes (AV/V 0) at the ll-3111 and 
ffl-+bcc phase transitions of 3.5(1)% and 1.1(1)%, which agrees very well with the 
previous directly measured values of 3.6% and 1.5%, respectively (Tonkov 1997). 
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Figure 3.19 V/V0 for Bi to 12 GPa. Data from the present study are shown using solid 
symbols; other symbols are identified in the figure. The solid lines are guides to the eye. 
The previously reported Bi-Ill data of Chen et al 1994 and Chen et al 1996, 
and the Bi-Ill data of Brugger et al 1969 are re-indexed now on the basis of the host-
guest structure. The agreement with our present results is very good, as shown in 
Figure 3.19. The re-indexed lattice parameters from Chen et al 1994 and Chen et al 
1996, at 3.2 GPa are aH = aG = 8.678(3) A, CH = 4.250(2) A and CG = 3.24 1(3) A, and 
at 3.8 GPa they are aH = aG = 8.65 1(2) A, CH = 4.238(2) A, and CG = 3.233(3) A. 
In the previously reported solution for Bi-111 of Duggin 1972 (see section 
3.2.2), the cell parameters are related to the host-guest cell as follows: aDuggin aH = 
aG, and CDuggin  /2 CG. The tPlO cell, proposed by Iwasaki et al 1990, has the same 
dimensions as our host cell. However, it cannot account for 9 additional reflections 
observed in the present study, nor can it account for or index the two classes of 
single-crystal reflections shown in Figure 3.14. 
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The Bi-Ill structure appears to be closely related to the ambient condition 
structure of the compound ln5Bi 3 . The In5 Bi3 has space group 141mcm with 32 atoms 
in positions 4a (0 0 ¼) and 8h (x x+1/2 0) with x = 0.343 occupied by Bi atoms, and 
positions 4c (0 0 0) and 161 (x x+1/2 z) with x = 0.144, z = 0.168 occupied by In 
atoms, lattice parameters are given as a = 8.544 A and c = 12.68 A (Villars and 
Calvert 1997). The In 5 131* 3 structure comprises six almost equally spaced 32434  nets 
stacked as in Bi-Ill to make three unit cells of the Bi-Ill host structure. Arranged 
within these layers are four planar square nets that resemble four unit cells of the Bi-
Ill guest structure, except that the atoms are in a C-face-centered rather than body-
centered arrangement. This is illustrated in Figure 3.20. With this one exception, the 
monoatomic equivalent of the ln 5 Bi 3 structure is strikingly similar to a Bi-Ill 
structure with a commensurate CH / CG ratio of 4/3 = 1.333. 
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Figure 3.20 The structure of ln 5Bi 3 compound (left) in comparison with 3 host and 4 guest 
cells of Bi-111 stacked along the c-axis. In atoms are shown by pink small symbols, Bi atoms 
are indicated by violet large symbols. The host and guest atoms in Bi-Ill structure are 
indicated by dark and light shades of violet colour, respectively. The host cells is shown 
by black lines, guest cells are shown by red lines. The unit cell of ln 5 Bi 3 structure is shown. 
However, the CH / CG ratio of 1.309(1) in Bi-lIl is significantly different from 4/3. 
Although it is slightly pressure dependent, as shown in Figure 3.18, it does not 
approach any commensurate value over the stability range of the phase. 
The atomic coordination in Bi-Ill is complex. In an incommensurate 

























coordination of host and guest atoms for Bi-Ill at 6.8 GPa is shown in Figure 3.21 as 
a function of z-coordinate of a guest atom. A guest atom has 2 guest nearest 
neighbours at d1(2) = 3.18 A, and 8-12 host nearest neighbours at the distances d2(8-
12) varying from 3.23 to 3.84 A. The number in brackets denotes the number of 
nearest neighbours at a particular d-value. The arbitrary limit of 3.84 A set for the 
guest-host nearest neighbours is the distance which gives 12 host neighbours for a 
guest atom, and can be seen in Figure 3.21 (left). Thus, a guest atom has 10-14 
nearest neighbours all together. A host atom has 7 host nearest neighbours with d 1 (2) 
3.12 A, d2(4) = 3.35 A, d 3(l) = 3.70 A. This host atom also has 2-3 guest 
neighbours, whereas the d-value d4(2-3) varies from 3.23 to 3.84 A, whereas the 
upper limit of 3.84 A is set the same as an upper limit for a guest atom (Figure 3.21 
right). Therefore, a host atom has 9-10 nearest neighbours all together. 
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Figure 3.21 The interatomic distances of a guest (left) and host (right) atom in the basic 
Bi-Ill structure at 6.8 GPa, plotted versus z-coordinate of a guest atom. The host-host 
distances are marked by blue colour, the guest-guest distances - by green colour, the host- 
guest distances, calculated according to d = (d shtt2 + z 2)12 - by magenta colour. The 
dashed line indicates the upper limit for the nearest neighbours of a host atom. 
Although the structure of Bi-Ill has long been uncertain, more contentious 
still has been the possible existence of two further transitions within the Bi-Ill 
stability field at 4.3 and 5.3 GPa. Since the first report in 1935 (Bridgman 1935), a 
large number of studies using a wide variety of experimental techniques have been 
unable to agree whether these transitions are real or not (Yoneda and Endo 1980 and 
references therein). The host-guest nature of the structure opens up the intriguing 
rL 
new possibility of transitions occurring only within the guest component without 
affecting the host, such as were found in Ba and Sr (Nelmes et al 1999, McMahon et 
a! 2000a, see section 3.3.1). We have looked for this in Bi-111, but the data show no 
changes in either the guest reflections or in the two additional weak peaks. Thus, 
from our study we conclude that there are no structural transitions within the stability 
field of Bi-Ill. 
As mentioned before, the basic composite structure cannot account for two 
weak peaks observed reproducibly in the Bi-Ill diffraction profiles. Two similar 
weak reflections are also observed in Sb-TI and together with two weak peaks in Bi-
III are discussed in detail in the section 3.3.5. One possibility is that these peaks arise 
from another (minority) guest structure, in analogy to the two different guest 
structures coexisting in Ba (Nelmes et a! 1999). However, as will be shown in 
section 3.4, these weak extra peaks originate from a modulation of host and guest 
cells. 
3.3.3 Sb-11 and SbII* 
As was said in the Section 3.2.2, prior to Bi-Ill, the tPlO structure was also 
proposed for the Sb-11 phase (Iwasaki and Kikegawa 1990), stable in antimony 
between 8.6 and 25 GPa. We analysed the reported d-spacings for Sb-il at 9.5 GPa 
(Aoki et al 1983) and 12 GPa (Iwasaki and Kikegawa 1990), and found that they can 
be fitted by the same host-guest structure as found for Bi-111 (Section 3.2.3.1), with 
aH = 8.032(6) A, cj = 3.899(4) A and CG = 2.988(6) A at 9.5 GPa, and aH = 7.965(5) 
o 
A, CH = 3.858(4) A, and CG = 2.945(5) A at 12 GPa. The CH / aH and CH / CG ratios of 
0.485 and 1.307 are very close to those found in Bi-1111. The resulting calculated 
volume change (V/V 0) at the Sb-I---Sb-II transition is 6.4%, significantly larger 
than the value of 1.6% obtained assuming the tPlO structure. However, neither of 
these values agrees with the 3.7% change reported by Bridgman from volumetric 
studies (Bridgman 1942), as illustrated in Figure 3.22. Therefore, we have made our 
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Figure 3.22 V/V0 for Sb to 12 GPa. Data obtained from volumetric studies (Bridgman 1942) 
are shown by triangles. The data calculated using the tPlO structure (Aoki et al 1983, 
Iwasaki and Kikegawa 1990) are shown by crosses. The data (Bridgman 1942, 
Aoki et al 1983, Iwasaki and Kikegawa 1990) are re-indexed using the host-guest 
structure are shown by open circles. The solid lines are guides to the eye. 
The ambient pressure patterns of Sb-I corresponds to the known As-type 
structure, rhombohedral with 2 atoms in the unit cell (hR2). The diffraction patterns 
of Sb at ambient and high pressure are shown in Figure 3.23. The splitting of Sb-I 
diffraction peaks decreases with pressure (see for example the splitting of the peaks 
104 and 110 in Figure 3.23, a and b), accordingly to the decreasing distortion of As-
type structure and approaching the simple cubic structure. At 8.6(5) GPa a 
transformation to Sb-111 phase takes place. The diffraction pattern of Sb-il is shown in 
Figure 3.23 (c). At 28(1) GPa Sb-11 transforms to the bcc phase (Figure 3.23, d), 
according to the known transition sequence of Sb (section 3.2.1). 
When we started our experiments with a Sb powder, the 2-d images of all the 
phases at high-pressure display smooth rings, indicating that in contrast to 
observations in Bi no re-crystallisation effect takes place in Sb under pressure. This 
can be under stood by looking at the Sb P-T phase diagram (Figure 3.24), where the 
melting temperature at ambient pressure is much high than in Bi (compare with 
Figure 3.12). 
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Figure 3.23 Powder diffraction patterns of Sb on pressure increase, 
collected at SRS. (a, b) Sb-I with As-type structure, (c) Sb-II and (d) bcc phases 
are shown. Asterisks denote diffraction peaks from gasket material. The hkl 
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Figure 3.24. P-T phase diagram of Sb (modified from Tonkov 1992). 
Our diffraction pattern of Sb-TI at 12.4 GPa is indexed on the basis of a 
composite structure with tetragonal host and tetragonal guest, as found in Bi-ifi. The 
lattice parameters, obtained with the program DICVOL, for host cell are aH = 
8.052(1) A, CH = 3.897(1) A, and for guest cell they are aG = 8.051(1) A and CG = 
2.974(1) A. The systematic absences for host and guest cells are consistent with the 
space groups I4Imcm and 14/mmm, respectively. As in Bi-HI structure, the eight host 
atoms occupy position 8h (x x+1/2 0) of the space group 141mcm, with x z 0. 15, and 
two guest occupy position 2a (0 0 0) of the space group 141mmm. The structure is 
refined using the same two-phase fitting techniques, as used for Bi-III. The resulting 
Rietveld refinement is shown in Figure 3.25. The refined parameters are as 
following: aH = aG = 8.0473(5) A, CH = 3.9003(4) A, CG = 2.9762(5) A, and the 
atomic parameter of the host structure x = 0.158(1). 
In the diffraction pattern of Sb-IT, we observe 14 non-hk0 guest reflections, 
five of which (not reported in Iwasaki and Kikegawa 1990) cannot be accounted for 
by the tPlO structure. At the same time, our host-guest structure accounts for all the 
observed reflections of Sb-TI, except of two weak reflections marked by arrows in 
Figure 3.25 These two extra reflections are analysed and discussed later in the 
section 3.3.5. 
The fit in Figure 3.25 shows some noticeable misfits to observed intensities 
by the proposed model. This might indicate that the structural model is not complete. 
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Figure 3.25. Rietveld refinement of the Sb-Il at 12.4 GPa with the basic host-guest structure. 
Tick marks on the refinement show the peak positions from host reflections (upper ticks) and 
non-hkO guest reflections (lower ticks). The two extra weak reflections not accounted for by 
the host-guest structure are marked by arrow. The asterisks mark two of the five observed 





Figure 3.26 Structure of Sb-Il shown in projection down the c-axis. The 32434  nets 
of the host structure located at z = 0 (dark grey symbols) and z = 1/2 (light grey symbols) 
are outlined using solid and dashed lines, respectively. The guest atoms are shown using 
black symbols. The inset shows a perspective view of the guest structure on the same scale. 
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The refined host-guest structure is shown in projection down the c-axis in 
Figure 3.26. The inset shows the guest structure on the same scale. The host structure 
and the guest structure are the same as those found in Bi-HI. 
The atomic volume for Sb-IT obtained from the host-guest structure lies very 
close to the compression data of Bridgman (Bridgman 1942). Figure 3.27 shows the 
(V/Il0) for high-pressure Sb phases, calculated from the present data. For 
comparison, the data are shown from volumetric measurements of Bridgman 1942 
for Sb-I and Sb-H. Relative compression of Sb-il is calculated from the host-guest 
structure assuming 100% guest-site occupancy. The host-guest structure gives the 
volume changes (AV/V 0) at the I->H and II-+bcc phase transitions of 5.2(1)% and 
2.4(1)%. The value of AV/V0 for the I->II transition of 3.7%, given by Bridgman 
1942, is slightly smaller but generally agrees with the value obtained from our data. 
This again supports strongly the assumed 100% guest occupancy. 
1.( 
(Bridgman 1942) 





0 	 10 	 20 	 30 
Pressure (GPa) 
Figure 3.27 V/V0 for Sb to 30 GPa. The data from the present study are shown 
in comparison with the data from volumetric measurements (Bridgman 1942). 
The solid lines are guides to the eye. 
The CH I CG  ratio in Sb-TI varies slightly with pressure, similar to the trend in 
Bi-111, showing the true nature of the incommensurate structure. The c11 I aH ratio is 
EIM 
constant (- 0.484) over the whole stability range of Sb-H, as in Bi-HI. The pressure 
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Figure 3.28 Pressure dependence of the cHI CG ratio (top) 
and the CH / aH ratio (bottom) for the Sb-11 structure. 
SbII* 
Our later diffraction studies on Sb were focused on the transition pressure 
range between Sb-I and Sb-H and revealed the existence of another phase, named Sb-
JJ*, that was overlooked in our previous studies and in the studies published in 
literature (Iwasaki and Kikegawa 1990). Below we report the details of discovery 
and solution of the SbII*  phase. 
On pressure increase, Sb-I is observed to transform at 8.1(1) GPa to another 
phase, when new peaks are observed along with the peaks from Sb-I. Above 8.2 
GPa, the Sb-I peaks are almost absent. At 8.5(1) GPa, diffraction patterns change 
again, indicating another phase transition, and some group of reflections become 
single peaks (Figure 3.29). Above 9.1(1) GPa, a pure Sb-il phase is observed, the 
same phase as observed in our previous studies (Figure 3.29). On decompression 
below 8.0(1) GPa, the splitting of some of the Sb-il peaks reappears, and at 6.4(1), 
GPa the transformation back to Sb-I is observed (Figure 3.30). The previously 
unreported Sb phase stable between 8.1 and 9.1 GPa on pressure increase and 
between 8.0 and 6.4 GPa on pressure decrease is assigned as Sbil*. 
ii 
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Figure 3.29 Powder diffraction patterns of Sb collected on pressure increase at SRS 
Daresbury, showing the Sb-I, Sb-TI and an intermediate Sbll*  phases. Asterisks in the 
SbII* pattern denote the remaining Sb-I diffraction peaks. "g" denotes the diffraction 
peak from gasket material. 
Analysing the changes in peak positions at the transition from Sb-111 to SbH* 
on pressure decrease (Fig. 3.30), one can see that while the diffraction patterns of 
these two phases are similar, some of the guest reflections of Sb-il phase are split 
into several reflections in the SbII*  phase. For example, the 211 guest reflection of 
Sb-IT splits into four reflections of SbII*  (Figure 3.30). The most intense host 
reflection 211 is also split into several reflections (Figure 3.31). These splittings of 
the Sb-il reflections indicate that the SbII*  can be also interpreted as a host-guest 
structure with a lower symmetry of the host and guest cells. 
The diffraction pattern of SbH*  at 6.9 GPa, obtained on pressure decrease 
(Figure 3.30), can be indexed on the basis of two unit cells. The host cell is body-
centered monoclinic with the lattice parameters aH = 8.17 10(2) A, bjq = 8.1603(2) A, 
CH = 3.9508(1), j3 = 90.55°. The guest cell is also body-centered monoclinic with 
lattice parameters aG = 8.1816 A, bG = b11 = 8.1603 A, CG = 3.0078 A, and JIG = 
92.95° . One should note that aH - sinflH = a• sinflG. The monoclinic guest cell found 
for Sbil* is similar to that observed in Ba-TV (Nelmes et al 1999), but is body 
centered rather than face-centered. 
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Figure 3.30 Powder diffraction patterns of Sb collected on pressure decrease at SRS 
Daresbury. The hkl indices are given for some intense host and guest reflections. 
The tick marks indicate the positions of main reflections. The arrows indicate the 
splitting of a guest peak at the transition from Sb-IT to Sbil*.  The asterisks 
denote the appearing peaks of the Sb-I phase. 
Thus, the guest reflection 211 of the Sb-H phase splits into 211, 121, 121 
and 211 in the SbII*  phase, as shown in Figure 3.30. Although, the monoclinic 
angle of the guest cell is close to 90 °, the small CG / aG ratio (0.368) makes the 
splitting of the guest peaks significant. The host reflection 211 of Sb-]El splits into 
four reflections in Sbil*  with indices 211, 121, 121 and 211, as illustrated in 
Figure 3.31. 
The transition from SbH*  to Sb-IT represents a novel phase transition from 
one incommensurate phase to another. This phase transition is definitely first order, 
















Figure 3.31 An expanded view of the Sb-il and SbII*  diffraction patterns collected on 
pressure decrease at 8.9 and 6.9 GPa respectively. The tick marks indicate the positions of 
the host reflections for Sb-il and SbII*.  The hkl index is given for the Sb-il host reflection. 
The final Lebail fit (without the structure) of Sbll*  is shown in Figure 3.32. 
These two cells, the host and the guest, fit all observed reflections, except of few 
weak reflections that are marked by arrows. These weak reflections will be discussed 
in section 3.3.5. 
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Figure 3.32 Lebail fit of the SbII*  at 6.9 GPa with the basic host-guest structure. Tick marks 
on the refinement show the peak positions from host and guest reflections. The extra weak 
reflections not accounted for by the host-guest structure are marked by arrows. The asterisk 
mark the diffraction reflections from the Sb-I phase. 
Systematic absences in the diffraction pattern of Sbil*  show that the host 
cell has space group 121c, and the guest cell has space group 121rn. Host atoms occupy 
the 8f position (x y z) of the space group 121c, with x 0. 15, y z 0.65 and z z 0. The 
guest atoms occupy the 2a position (0 0 0) of the space group 121rn. Due to the 
lowering of the symmetry of the host cell from tetragonal to monoclinic at the 
transition from Sb-il to SbH*,  the c-glide plane perpendicular to the b-axis remains 
unchanged and the mirror plane perpendicular to the a-axis is destroyed. A Rietveld 
refinement of SbII*  is shown in Figure 3.33, performed using the basic host-guest 
structure described above. The refined atomic parameters of the host structure are x = 
0.162(2), y = 0.657(1) and z = 0.007(3), that are close to the atomic parameters in 
the host structures of Sb-IT and Bi-Ill. As can be seen from Figure 3.33, the fit 
contains significant misfits to observed intensities of the diffraction reflections, 
especially of the guest component. The weak extra reflections are not accounted for 
this structure model. This suggests that the used structure model is not complete. A 
full structure of SbII*  will be described in section 3.4.2. 
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Figure 3.33 Rietveld refinement of SbII*  at 6.9 GPa with the basic host-guest structure. 
Tick marks on the refinement show the peak positions from host and guest reflections. Inset 
shows an expanded view of the diffraction profile together with Rietveld refinement curve. 
The CH / CG ratio for Sbil*  at 6.9 GPa is equal to 1.314, and the atomic 
volume of the SbH*  at 6.9 GPa can be calculated as V at = 24.79 A3 . The 
compression is 0.821, which fits nicely into the Sb compression curve, shown in 
Figure 3.34. . The host-guest structure of Sbil*  gives the volume change (AVIV0) at 
the I_>il*  phase transition of 5.0(1)%. The atomic volume change at the phase 
transition from Sbil*  to Sb-II is zero within the error. However, the discontinuous 
change in the lattice parameters at this phase transition shows that this transition is of 
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Figure 3.34 Compression of Sb together with SbII*  phase. 
3.3.4 As-Ill 
On compression, the transition from sc phase (As-H) to As-ill was observed 
at 42(1) GPa, somewhat lower than the value of 53(6) GPa reported previously on 
pressure increase (Beister et al 1990). 
High-pressure diffraction patterns of As with the sc and As-ill phases are 
shown in Figure 3.35. The As-TI to As-ill transition was found to be sluggish, and 
single-phase diffraction patterns from As-Ill were observed only above 50 GPa. 
While the diffraction peaks from As-Ill were found to be quite sharp when they first 
all 
appeared, they broadened significantly with further increase in pressure. The mixed-
phase patterns collected below 50 GPa were therefore found to be very useful in 
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Figure 3.35 Diffraction patterns of As collected on pressure increase in the As-I phase 
with As-type structures at ambient pressure, As-il phase with the simple cubic structure at 33 
GPa, in the phase-mixture sc +As-III at 45 GPa and a As-ill phase at 50.0 GPa. The hkl 
indices for some low-angle diffraction reflections are shown for the As-I and As-II phases. 
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Comparison of the As-ifi diffraction profiles with those obtained from Bi-HI 
and Sb-il (section 3.3.2 and 3.3.3, McMahon et al 2000b) reveals that the relative 
positions and intensities of the strongest peaks from all three phases are very similar, 
as illustrated in Figure 3.36. 
As-Ill at 50.0 GPa 
.4-. 
Sb-11 at 10.3 GPa 
I 
Bi-III at 6.8 GPa 
log (d-spacing) 
Figure 3.36 Powder diffraction patterns of As-Ill in comparison with diffraction patterns 
of Bi-Ill and Sb-11. The 20 values are converted to d-values, and the log of d is plotted. 
Indeed, the tetragonal 141mcm host structure of Bi-HI and Sb-il (McMahon et 
al 2000b) with aH = 6.77 A and c11 = 3.25 A accounts for the strongest reflections 
from As-HI. However, the remaining peaks cannot be fitted with the body-centered 
tetragonal guest structure of Bi-Ill and Sb-11 (McMahon et al 2000b). Using 9 guest-
only reflections and 5 hkO-host reflections from a diffraction pattern of As-ifi 
collected at 50 GPa, ab initio indexing revealed that all the reflections could be 
accounted for by a body-centered monoclinic cell with aG = 6.78 A, bG = 6.77 A, CG 
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= 2.50 A and fiG = 92.40. This monoclinic guest cell is thus similar to that observed 
in Sb_il* (section 3.3.3). 
The lattice parameters were obtained from fitting the d-spacings of individual 
host and guest diffraction peaks and refinement using the constraints bG = aH and a 
= aH x sin $-. At 50 GPa, the refined lattice parameters are ajq = bG =6.771(1) A, CH 
= 3.25 1(l) A, aG = 6.776(1) A, CG = 2.495(1) A and A = 92.45(4)0 , giving a CH / CG 
ratio of 1.303(1). This is somewhat smaller than the values of 1.404(1) found in Sr-V 
at 56 GPa (McMahon et al 2000a) and 1.378(1) found in Ba-TV at 12.9 GPa (Nelmes 
et a! 2000), but is very similar to the values of 1.309(1) and 1.307(1) found in Bi-ifi 
and Sb-H, respectively (section 3.3.3). 
A Rietveld refinement to the As-ill diffraction pattern collected at 50 GPa 
using the proposed host-guest structure and the above lattice parameters is shown in 
Figure 3.37. (The broadness of the single-phase As-ill diffraction patterns and many 
peak overlaps resulting from the low-symmetry of the guest structure did not allow 
us to refine the cell parameters of the host and guest structures simultaneously with 
the crystal structure, and therefor they were fixed). The host structure has the space 
group 141mcm with atoms in the 8h positions at (x x+1/2 0) with x = 0.1566(4). The 
monoclinic guest structure has space group 12/m with atoms in the 2a position at (0 0 
0). As with the lattice parameters, the atomic position parameter of the host structure 
is very similar to the value of -0.154 found in Bi (McMahon et al 2000b) and 0.157 
in Sb, but different to the values of 0.1484(3) and 0. 1460(2) found previously in Ba-
IVa (Nelmes et al 1999) and Sr-V (McMahon et al 2000a), respectively. 
While the composite host-guest structure provides a good fit to the observed 
As-Ill diffraction patterns up to 55 GPa, the highest pressure reached in this study, 
some of the strongest diffraction peaks show evidence of a slight asymmetry in their 
peak profiles. This is illustrated in left inset to Figure 3.37. This splitting may denote 
a slight lowering of the symmetry of the host structure or may be a result of sample 
stress. Additionally, there are five very weak reflections not accounted for by the 
proposed host-guest structure, as marked by asterisks in the right inset to Figure 3.37. 
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These extra peaks will be analysed in the section 3.3.5. These two questions about 
the peak asymmetry and additional weak reflections are examined in another study, 
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Figure 3.37 Integrated 1-d profile from As-Ill at 50 GPa (dots) and a Rietveld refinement fit 
(line). The upper and lower tick marks below the profile show the peak positions of the host 
and non-hk0 guest reflections, respectively. Below the tick marks is the difference between 
the observed and calculated profiles. The insets show expanded views of the diffraction 
pattern. Asterisks denote the weak reflections not accounted for by the proposed structure. 
A perspective view of the refined structure of As-HI is shown in projection 
down the c-axis in Figure 3.38. The inset shows the monoclinic guest structure on the 
same scale. As in the composite host-guest structures reported in Ba, Sr, Bi and Sb, 
the As-Ill host structure comprises planar 32434  nets (Pearson 1972) centered above 
each other such that channels - containing the guest structure - are formed along the 
c-axis. 
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Figure 3.38 Structure of As-Ill shown in projection down the c-axis. The 32434  nets 
of the host structure located at z = 0 (light grey symbols) and z = 1/2 (dark grey symbols) 
are outlined using dashed and solid lines, respectively. The guest atoms are shown 
using black symbols. The inset shows a respective view of the guest structure 
on the same scale with the monoclinic angle flindicated. 
The CH / CG ratio in As-Ill, varies slightly with pressure, similar to the trend in 
Bi-Ill and Sb-I! (Figure 3.39). The CH I CG ratio in As-il1 varies linearly with 
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Figure 3.39 Pressure dependence of the c1 / a11 ratio for the As-Ill structure, 
shown in comparison with the axial ratios in Bi-Ill and Sb-11. 
The host unit cell of As-I!1 contains a non-integer number of atoms, as it was 
shown for Bi-Ill and Sb-H. Assuming 100% occupancy of the guest sites (the quality 
95 
of the As-Ill diffraction data is insufficient to refine the guest site occupancy with 
confidence), there are 8 + 2 x (CH I CG) atoms in the host unit cell. The pressure-
volume relation for As-Ell and other As phases is shown in Figure 3.40. The 
calculated volume change (VN 0) at the As-il to ill transition is then 2.6(1)%. 
Similarly, it is possible to estimate the volume change at the As-II to bcc transition 
using previously published results (Green et al 1995, Iwasaki 1997). From the 
reported As-IV (bcc) lattice parameter of a = 2.806 A at 122 GPa (Green et al 1995), 
and the reported equation of state (Green et al 1995), the estimated lattice parameter 
of As-TV at 106 GPa is 2.845 A. At the same pressure, a 11 = 6.204 A, CH =3.212 A 
and CH / CG = 1.269 by linear extrapolation. This corresponds to a relative atomic 
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Figure 3.40 Atomic volume change with pressure for As. 
The pressure for the As-I to sc transition is marked by dashed line. 
In conclusion, we find that As-ill phase, stable above 42 GPa on pressure 
increase, has an incommensurate composite structure, similar to that observed for Bi-
ffi and Sb-11. However, while the tetragonal As-111 host structure is the same as that 
in Bi-Ell and Sb-IT, the As-Ill guest structure is monoclinic rather than tetragonal. 
3.3.5. Extra reflections. 
As mentioned above, the host-guest structure does not account for two weak 
reflections in the Bi-Ell and Sb-IT patterns. In Figure 3.41, the reflections for low 20 
range of Sb-il and Bi-111 diffraction patterns are shown in a log (d) scale, to allow a 
better comparison. It can be clearly seen that the weak additional reflections are the 
same in Sb-H and Bi-111. 
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Figure 3.41 Low 20 range of Sb-II and Bi-Ill diffraction patterns presented 
in log (d) to allow the comparison of the extra reflections, marked 
by arrows, that are not accounted by the basis host-guest structure. 
From the analysis of the extra reflections in Bi-Ill and Sb-H, we conclude that 
they appear only in the composite host-guest structures, compress at the same rate as 
host and guest reflections, and are the same in Sb-il and Bi-111. It is clear that to be 
able to draw any further conclusions we need more information on these reflections. 
The additional weak reflections observed in As-ill and Sbil*,  that are not 
accounted for by the basic host-guest structure, also appear to be the similar to each 
other in their positions (Figure 3.42), but are not the same as the weak extra peaks 
observed in Sb-TI and Bi-Ill (Figure 3.41). 
To investigate the weak reflections, we collected data on Sb-il at the ESRF. 
These data have more intensity in weak reflections, and allow us to observe up to 11 
extra reflections in Sb-TI pattern, 8 of which are visible in the pattern shown in 
Figure 3.43. However, no supercell of a host or guest structure could be found to 









Figure 3.42 Low 20 range of Sbil*  and As-Ill diffraction patterns presented 
in log (d) to allow the comparison of the extra reflections, marked 
by arrows, that are not accounted by the basis host-guest structure. 
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Figure 3.43 A powder diffraction pattern of Sb-11 at 10.3 GPa, collected at ESRF, 
exposure time 12 sec. The tick reflections for host and guest structures are 
shown below the pattern. The extra reflections that are not accounted by the 
basic host-guest structure are indicated by asterisks. 
The origin of these extra reflections will be analysed in the next section. 
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3.4 Modulated incommensurate host-guest structures 
The theory of incommensurate composite structures (see for example van 
Smaalen 1995) gives us the answer about the origin of the extra reflections observed 
in our patterns of Bi-111, Sb-H, SbII*  and As-ill. The host-guest composite structure, 
detailed above, describes the basic structure of two non-interactive subsystems. This 
gives only an approximation to the real structure. In the real crystal, host and guest 
subsystems exhibit an interaction, and therefore will be modulated. The modulation 
of one subsystem will have a modulation wave vector equal to the periodicity of the 
other subsystem. This modulation will cause the atoms of both subsystems shift from 
their ideal positions, described by the basic structure, according to the modulation 
wave vectors in each subsystem. These atomic shifts will give additional weak 
reflections in the diffraction pattern, called satellite reflections or modulation 
reflections. 
Now, the true incommensurate composite crystal can be defined as a 
collection of incommensurately modulated structures. To describe such a crystal, a 
four dimensional crystallography and superspace group formalism need to be 
applied. This theory is well developed and widely applied to incommensurate 
structures know in other compounds. In this section, the theory of 4-dim analysis of 
incommensurate composite structures will be introduced, and then applied to the 
structures of Bi-Ill, Sb-IT, SbII*  and As-ill to analyse their modulated structures 
from powder diffraction data. 
3.4.1 Four-dimensional formalism 
The incommensurate composite structures discovered in Ba and in group-V 
elements, and described in section 3.3 belong to the family of aperiodic structures. 
The theory of a crystallographic description of an aperiodic crystals will be described 
below, based on the review articles (van Smaalen 1992, 1995). 
Aperiodic or quasiperiodic crystals are crystals, which do not possess 3-
dimensional translational symmetry. Presently, three types of incommensurate 
phases are known: incommensurately modulated structures, incommensurate 
intergrowth compounds and quasicrystals (van Smaalen 1995). 
An incommensurately modulated structure can be considered as a perturbed 
periodic crystal, a crystal that possesses 3-dimensional translational symmetry. The 
atomic positions are given as the sum of a periodic basic structure position and a 
deviation thereof. The deviation (or modulation) is itself periodic, however, with a 
periodicity that is incommensurate with the basic lattice (Figure 3.44). 
 
 
Figure 3.44 A 2-d crystal with a modulation of the positions of the atoms. The grid 
represents the average lattice. The modulation is defined as u = A sin (2 it q.r), with 
the wave vector q = 0.311 a*.  (a) Transversal modulation with amplitude A = 0.3 b. 
(b) Longitudinal modulation with amplitude A = 0.3 a. Here a and b represent translational 
vectors and r is a vector defining a position of a lattice point and a* - is a reciprocal vector. 
An incommensurate intergrowth compound does not have a basic or average 
lattice. To first approximation, it can be described as the combination of two (or 
more) structures, each of which is periodic according to its own lattice (Figure 3.45). 
These two components of the intergrowth compound are coherent, and thus must be 
considered as a single thermodynamic phase. The true structure of an intergrowth 
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compound is given by a set of incommensurately modulated structures. The 
modulation period of one component is given by the basic periodicity of the other 
component. 
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Figure 3.45 An intergrowth compound with two components, labelled A and B, 
respectively. The grid represents the lattice of the component A. Note that the b axes 
of two components are equal, while the a axes are incommensurate with each other. 
The quasicrystals are characterised by the presence of a non-crystallographic 
point symmetry (5,7 and 10-fold symmetry) in their diffraction pattern. The best 
picture presently available of the 3-d structure of such compounds is provided by the 
so-called Penrose tilings. The space is filled with the two unit cells in a non-periodic 
way. For details see (Yamamoto 1996). 
The incommensurate modulated structures that exist in elements under high-
pressure belong to family of incommensurate intergrowth compounds. The only 
difference to the compounds is that the different components made of the same type 
of atoms. In the following we will therefore focus on the theory of incommensurate 
intergrowth compounds. 
As said before, the atomic positions of an incommensurately modulated 
structure (or a component of an intergrowth compound) can be specified as the sum 
of an average position with respect to a 3-dimensional lattice, and a deviation 
thereof. This deviation can be described by a wave function with a wave vector, 
which is incommensurate with the average lattice (van Smaalen 1995). There usually 
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exist restrictions on the form of the modulation function, knowledge of which is 
indispensable for a successful refinement of the modulation parameters. An elegant 
method to obtain the required restrictions is the superspace approach. The superspace 
approach defines a generalised density function, which is periodic in a higher 
dimensional space, and which fully characterises the aperiodic density function in 
physical 3-dimensional space. The symmetry is given by a higher-dimensional space 
group (De Wolff 1977, Janner and Janssen 1977). The theory of the superspace is 
described in detail in (van Smaalen 1995) for a general case of 3+d-dimensional 
space. Below, the theory of superspace is given for the special 4-dimensional case, 
applicable to this thesis. 
The starting point for the analysis of the incommensurate crystal is the 
recognition that the Bragg reflections in the diffraction pattern can be indexed with 
3+d integers (d ~! 1). For an incommensurate composite crystal with two subsystems, 
4 integers are needed (d = 1). For such a crystal, all Bragg spots have a diffraction 
vector of the form: 
H=hiai*+h2a2*+h3 a3*+h4 a4* 	 (3.1) 
where (h 1 , ..., h) are the integer reflection indices, and M* = {ai *, ..., a4} is a set 
of rationally independent (see below) reciprocal vectors. For convenience, ai*, a2* 
and a3*  can be chosen to be linearly independent, i.e. they define a reciprocal lattice 




a1*, 	 (3.2) 
where the components a i define a 1x3 matrix c. Rationally independent means that 
the additional vector at least one of the cr i components is irrational. 
Superspace is obtained when the elements of M*  are considered as the 
perpendicular projections of reciprocal lattice vectors in a 4-dim space onto physical 
3-dim space. The reciprocal vectors in superspace are linearly independent and 
define a reciprocal lattice (*) (De Wolff 1974, Janner et al 1983): 
*: 	a51* = (a1*, 0), i = 1, 2, 3. 	 (3.3) 
aS4* = (a4*, b*) 
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Here, index s indicates that the vectors are defined in the superspace. The vector b* 
is perpendicular to physical space. The corresponding 4-dim direct lattice is defined 
by the vector b. The pair (b, b*)  is collinear. Because the additional dimension does 
not have a physical meaning, the length of b is arbitrary and can be set equal to 1. 
The direct lattice corresponding to is defined in superspace in the usual way by 
45k a5k = &. (k, k'= 1, ...,4), which gives: 
: 	a5 =(a,—cb),i=1,2,3 
	
(3.4) 
a54 = (0, b) 
We are considering here an intergrowths compound, consisting of 2 
subsystems, each with its own lattice A = {a i , a2, a3}, with v = 1 and 2, defined 
in the 3-dim physical space. The contribution of the atoms of subsystem v to the 
diffraction pattern will be at the nodes of the reciprocal lattice A* = {a vi *, aV2*, 
aV3* }. All sybsystem reciprocal lattices can be obtained from the elements of M* 
through a set of two 3 x 4 matrices Z' (v = 1 and 2) with integer coefficients: 
a* = Z Zk' ak*, with i = 1,2,3. 	 (3.5) 
The interaction between the two subsystems of an intergrowth compound 
implies that each one will be modulated with modulation wave vector given by the 
periodicity of the reciprocal lattice of the other subsystem. The modulation is 
described by one additional vector, which is usually denoted as modulation wave 
vectors, qv, can be obtained from the vectors in M*  by application of a 1 x 4 integer 
matrix V', defined as: 
qV= 	
Vk'ak*. 	 (3.6) 
Juxtaproduction of the 3 x 4 matrix Z' and the 1 x 4 matrix V i', defines a 3 x 
4 matrix W 1': 
(V 
WV = I - 
z ) .  VV 
(3.7) 
The matrix W' applied to the elements of M*  generates a set of M* = 
{avi *, aV2, aV3, qv ), which defines the integer indexing of the diffraction pattern. 
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For example, any (main or modulation) reflections of subsystem v with indices 
(h, k, t.,, m) with respect to M* has integer indices with respect to M*,  given by: 
(h 1 , h2, h3, h4) = (h, k, l.,, m) WV. 	 (3.8) 
The intensity distribution in a reciprocal superspace for a modulated 
intergrowth compound is shown in Figure 3.46, where a 1-dimensional section of the 
diffraction pattern in physical space is drawn together with the additional superspace 
dimension. The highest intensities are found amongst the main reflections (h4 = 0). 
The intensities of the remaining reflections (modulation reflections), strongly 
decrease with increasing order, or increasing value of I h4  I. 
Figure 3.46 Section of superspace of an intergrowth compound showing the additional 
dimension together with a one-dimensional section of physical space. Circles of 
decreasing radius represent diffraction spots with decreasing intensities. Crossed circles 
are main reflections of the second subsystem (guest) and have intensities comparable to 
the solid circles (main reflections of the first subsystem - host). Superspace reciprocal 
lattice points are projected onto the actually observed Bragg spots (crossed circles) in 
physical space, projection of main (guest) reflections is shown by solid arrows, 
projection of modulation reflections is shown by dashed arrows. 
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If the modulated structure of intergrowth compound is considered in direct 
space, the coordinates of the atoms in a modulated subsystem can be expressed as 
i 	= L + x° (.t) 	 (3.9a) 
x(.t) = Y (') + u"1 ( Y 4) 	 (3.9b) 
where i ( t) (i = 1, 2, 3) are the basic structure coordinates of atom t, with x°j(p.) 
being the coordinates within one unit cell of the basic structure and with L i being 
integers representing the lattice translations. u'( T 4) are the modulation functions of 
period one in each of their arguments. They assume different values in each unit cell 
of the basic structure, thus being responsible for the lack of translation symmetry of 
the atomic positions x(t). The arguments of the modulation functions are 
X4 = Y 4(t)=ax°(Ji)+t 	 (3.10) 
whereas the 1x3 matrix cy is defined above in equation (3.2), and t can be interpreted 
as the initial phase of the modulation wave. The modulation function can be 
expanded into a Fourier series: 
oo 
U9 1(i4) = IA" cos(2g .nx 4 )+B" sin(2r.n14 ) , (i = 1,2,3) 	(3.11) 
The real modulated structure is then characterised by specifying the coordinates 
x01(i) and the Fourier amplitudes of the modulation functions. 
Other atomic properties, like direction of its magnetic moment or the 
occupation probability of a particular site, can be described by modulation functions 
(van Smaalen 1995). 
The superspace coordinates of the basic structure atomic positions are equal 
to the physical space coordinates (3.9) and (3.10). For a modulated structure, the 
superspace coordinates are 
x(i) = x(t) 
xs,4= Y 4 +u( 4) 	 (3.12) 
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The same consideration should be performed for the second subsystem of the 
intergrowth compound. 
Figure 3.47 illustrates the real modulated structure of an intergrowth 
compound with two components with following W-matrices: 
( i 0 0 0" 10 0 0 1" 
0 1 0 0 0 1 0 0 
W 1 -matrix: , W-matnx: 
10 0 1 0 
iJ 
lo 0 1 0 
0 0 1 0 0 O) 
All the possible atomic positions for the first and second subsystem can be 
obtained from this representation. Note, that in Figure 3.47 the atoms of the first 
subsystem intersect physical space at modulated positions corresponding to an 
average lattice constant a11 (filled circle), while the atoms of subsystem 2 lead to an 
average periodicity a21 (open circles). 
Figure 3.47 The structure in superspace of an intergrowth compound with two subsystems. 
A section through as , and aS4 shows atoms of subsystem 1 as wavy lines parallel to the axis 
aS4, while the atoms of the subsystem 2 are wavy lines parallel to the axis 
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3.4.2 Analysis of modulations from powder data 
In this section, the theory of the 4-dim superspace used for the description of 
modulated intergrowth compounds is applied to the analysis of the incommensurate 
host-guest structures of group-V elements. The 1 and 2 subsystems are now denoted 
as host and guest components, respectively. In application to elements, the 
intergrowth compound structure model will be called now a composite structure 
model. 
3.4.2.1 Sb-11 and Bi-Ill 
Previously in this thesis (section 3.3), the diffraction patterns of 
incommensurate host-guest structures of Bi-Ill and Sb-il have been treated as a 
superposition of two 3-dimensional reciprocal lattices - one from the host and one 
from the guest, with common reflections in the (hk0) layer where the two lattices 
coincide. Now we apply the theory of 4-dimensional crystallography, described in 
section 3.4.1. All the diffraction peaks are indexed using 4 integers (h,k,1 1,12), 
according to 
H = h a* + k b* + ij c1 + 12 c2, 	 (3.13) 
where {a*, b*, c i *} and  {a*, b*, c2 *1 define the host and guest reciprocal lattices. 
First, we perform a 4-dim analysis of Sb-IT (at 10.3 GPa). The composite 
structure of Sb-TI has the 4-dim superspace group I'41mcm(00y)0000, where I denotes 
the centering (½ ½ ½ ½) in superspace, and y= cl/c2, where cj and C2 are the c-axis 
repeat distances of the basic host and guest structures, respectively. This superspace 
group is chosen from (International Tables for Crystallography 1999) to fully 
describe the host component with the 3-dim space group 141mcm and the guest 
component with the 3-dim space group 141mmm. The values in brackets (00') in the 
superspace group symbol give the modulation wave vector q = (a,8 y),  which was 
defined in equation (3.6). 
The lattice parameters of host and guest are defined by the set of following 
parameters: a = aH = 8.068 A, C1 = CH = 3.907 A and y= 1.310. The W' and W2 
matrices for the host and guest component, respectively, are given as 
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These define the guest lattice parameters: a = aG =  8.068 A, C2 = CG = 2.928 A. 
Reflections from the host component of the basic composite structure have 
indices (h,k,l j,0), those from guest have indices (h,k,0,12), and the (h,k,0,0) reflections 
are common to both host and guest. Interaction between host and guest will result in 
shifts with respect to the lattice periodic atomic positions, described by modulation 
function within the superspace formalism. This gives rise to satellite reflections 
(h,k,1 1 ,12) with both 11 and 12 not equal 0. 
All the reflections observed in the powder patterns of Sb-111 can be indexed 
using the modulated composite structure model, describe above, as shown in Figure 
3.48. All 11 additional reflections (described in section 3.3.5) can be indexed as first-
order satellites (with m = min{ Ill I , } = 1) or second-order (m = 2) satellites, 
with the (h,k,1 1 ,12) indices shown in Figure 3.48. 
2 	4 	6 	8 	10 	12 	14 	16 	18 	20 	22 	24 
26(deg.)(? = 0.41567 A) 
Figure 3.48 Lebail fit to the powder diffraction profile from Sb-il at 10.3 GPa. Tick marks 
beneath the main profile mark calculated position of reflections for the basic host-guest 
structure together with modulation reflections. The insets show expanded views to illustrate 
the weak modulation reflections. The hklm indices are given for modulation reflections and 
hklm indices for weak main reflections. 
As a first step, the structure of Sb-IT has been refined without modulation but 
with an anisotropic temperature factor. For the host component, all three diagonal 
components of the tensor appear to be almost identical: U 11 = U22 = 0.016 (equal 
because of tetragonal symmetry) and U 33 = 0.013. However, for the guest 
component, the tensor component along the c-axis has a greater value than that of 
other tensor components in guest and host: U11 = U22 = 0.015, U33 = 0.022. The 
greater value of the temperature factor of the guest atoms along the c-axis gives us an 
idea of possible positional shifts of guest atoms due to the modulation. 
As the second step, the modulation has been introduced in the structure 
model. As the first approximation to a modulation function, a harmonic function is 
usually used (van Smaalen 1995). Thus, to model the positional displacement 
modulation of host and guest components in Sb-TI, a harmonic function including 
two modulation waves is applied: 
) = IA" cos(2,r . n) + B" sin(2,r . ni), (i = x, y, z) 	(3.14) 
where n = 1 and 2 is the number of modulation wave (MW). 
The superspace group of Sb-il puts symmetry restrictions on the possible 
modulations. The first MW gives the displacement of host atoms (Sb 1) along x and y 
directions with the cos wave of equal amplitude of opposite sign (A ixf = AIY.H # 0, 
Al"' = B1' = 0) and a zero displacement of guest atoms (Sb2): A1' = B 1 1,G = 0. The 
second MW gives a non-zero displacement of Sb! along z with a sin wave (B2 # 0, 
B2x,hl = B2' = 0), and along x and y with a cos wave of equal amplitude and sign 
= A2' = 0), and a displacement of Sb2 atoms along z with a sin wave 
(B2 ~ 0). To summarise, Sbl can be displaced along x,y or z, with shifts in x and y 
related by symmetry, while Sb2 can be displaced only along z. 
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Figure 3.49 An integrated 1-d profile of Sb-11 at 10.3 GPa, collected at ESRF, and its 
Rietveld refinement with the modulated host-guest structure. The tick marks below the 
profile indicated peak positions for main, 1st  and 2   order modulation reflections. Below tick 
marks is the difference curve. The inset shows the fit to weak reflections. 
The structure of Sb-IT is refined using two modulation waves and anisotropic 
temperature factors. A Rietveld refinement of Sb-il for the powder profile at 10.3 
GPa is given in Figure 3.49. The R-factors are Rm ain = 4.0%, Rsat , st = 10.9%, Rsa t,2nd 
= 19.8%. 
The resulting displacement amplitudes are given in Table 3.2. From these 
values we can identify the following main displacements of the atoms in host and 
guest components: 1) a displacement of the guest atoms along z, 2) a displacement of 
the host atoms in the x-y plane. 
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Table 3.2 Structural parameters for Sb-I1 structure at 10.3 GPa obtained from a Rietveld 
refinement on the basis of a modulated host-guest structure, including main and l and 2 
order modulation reflections and using two harmonics of a harmonic modulation function. 
The lattice parameters, modulation vector, atomic positions, thermal parameters, amplitudes 
of harmonic modulation function for l' and 2m1  harmonic are given. 
component 
lattice parameters modulation vector 
a (A) c (A) a 
host 8.0683(1) 3.9068(1) 0 0 1.3100(1) 
guest 8.0683(1) 2.9822(1) 0 0 0.7633(2) 
tom A  x TT U33 TT U12 
AX AX 
D2 
Sbl(host) 0.1572(1) 0.0133(4) 0.0123(4) -0.005(1) -0.012(2) -0.001(1) -0.002(1) 
Sb2(guest) 0 0.0142(8) 0.018(1) 0 0 0 0.026(2) 
The displacement of Sb! along x, and Sb2 along z, according to their 
harmonic functions, is shown in Figure 3.50. The displacements for host and guest 
atoms are shown in fractional coordinates (defined in equation (3.10)) as functions of 
X14 and x24, respectively. x 14 can be considered as the fractional coordinate of the 
host atoms in the guest unit cell, given by x 14 = z(Sb1)c i Ic2 , and x24 as the fractional 
coordinate of the guest atoms in the host unit cell, given by X24 = z(Sb2)c 2Ic i . 
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Figure 3.50 Displacement (in fractional units) of the Sb! host and Sb2 guest atoms away 
from their unmodulated positions, as determined from the Rietveld refinement with two 
harmonic modulation waves using two harmonics. The displacements for host and 
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The interatomic distances are modulated, and can be analysed if plotted as 
functions of the x14 and x24 coordinates. The interatomic distances between host 
atoms are shown in Figure 3.51 (a). It can be seen that the shortest host-host distance 
of 2.89 A does not change much with the modulation, but the next shortest host-host 
distance of 3.20 is modulated with an amplitude of 0.06 A. The guest-guest distances 
are shown as a function of x24 in Figure 3.51 (b), varying around 2.98 A with an 
amplitude of 0.36 A. The host-guest distances are shown as a function as a function 
Of x24 in Figure 3.51 (c), which looks the same as a function of x14. It can be seen 
that the shortest distance becomes even shorter due to the modulation, decreasing 





















(b) Sb2-Sb2 distance 
Figure 3.51 Modulated interatomic distances (solid lines) between (a) Sbl-Sbl atoms 
as a function of x 14, (b) Sb2-Sb2 atoms as a function of x, and (c) Sbl-Sb2 atoms as a 
function of x 14 . Unmodulated distances are shown by dashed lines. 
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The modulated composite structure of Sb-H can be interpreted as follows. 
The chains of guest atoms are shifted along the c-axis close to each other and further 
apart. The guest atom displacement results in a quasi-pairing. The nets of host atoms 
are altered in such a way that the squares become bigger and smaller, and are rotated 
slightly around the c-axis. 
Application to Bi-Ill 
The 4-dim analysis procedure that was successfully applied to Sb-il will be 
now applied to Bi-Ill structure. Bi-Ill is assigned the same superspace group 
I'41mcm(00y)0000, as Sb-IT. The lattice parameters of host and guest are defined by 
the set of following parameters: aj-j = 8.5 18 A, cH = 4.164 A and y=  1.310 (at 6.8 
GPa). The W 1 and W 2 matrices for the host and guest component, respectively, are 
the same as for Sb-TI. These define the guest lattice parameters: aG = 8.5 18 A, CG = 
3.179 A. 
All the reflections observed in the powder patterns of Bi-HI can be indexed 
using the modulated composite structure model, describe above. The additional two 
weak reflections discussed in section 3.3.5 are indexed as (212 T) and (311 1) (see 
Figure 3.52). 
To model the positional displacement modulation of host and guest 
components, a harmonic function has been considered, as for Sb-H. Two modulation 
waves (MW) are introduced. The final Rietveld refinement of Bi-H1 at 6.8 GPa is 
shown in Figure 3.52. The fit gives Rmain = 7.2%, Rsat,ist = 9.8%. We note that a high 
R-factor for the 1st  order satellites is explained by the fact that only two order 
satellites are observed, as shown in the inset to Figure 3.52. 
The resulting displacement amplitudes are given in Table 3.3. These 
amplitudes can be compared now with those obtained for Sb-il (Table 3.2). As can 
be seen that the displacement character of the Bi atoms is the same as found for Sb-
IT. However, the amplitudes of the displacement of Bi atoms are two times weaker 
than the amplitudes in Sb-TI. This means that the modulation displacements in Sb-II 
are larger than the displacements in Bi-ilT. This is excepted from the fact that the 
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Figure 3.52 Rietveld refinement of Bi-Ill at 6.8 GPa with modulated composite 
structure model. The inset shows an expanded view of the pattern to illustrate 
the weak modulation reflections. The U1112  indices are given for the two modulation 
reflections. The tick marks below profile show the peak positions for the main 
and 1St  order modulation reflections. Below tick marks is the difference curve. 
Table 3.3 Structural parameters for Bi-Ill structure at 6.8 GPa obtained from a Rietveld 
refinement on the basis of a modulated host-guest structure, including main and order 
modulation reflections and using two harmonics of a harmonic modulation function. 
The lattice parameters, modulation vector, atomic positions, thermal parameters, amplitudes 
of harmonic modulation function for 1st  and 2 d  harmonic are given. 
component 
lattice parameters modulation vector 
a (A) c (A) a 
host 8.5178(1) 4.1644(1) 0 0 1.3096(1) 
guest 8.5178(1) 3.1800(1) 0 0 0.7636(1) 
Atom x U11 U33 U12 A ix  A 2x  B 2z 
Bil 0.1533(1) 0.0158(6) 0.039(3) 0.001(1) -0.0048(3) 0.0008(5) 0.001(1) 








3.4.2.2 Sb.II* and As-Ill 
To be able to describe the modulation of the host and guest components in 
the composite structure of SbII*  and As-ill, we need to employ the superspace 
formalism, as detailed in section 3.4.1. As the Sbil*  and As-HI contain a monoclinic 
guest component rather than a tetragonal guest, the modulation wave vector will 
have a more complex form than in the Sb-H and Bi-III structures. Therefore, the 
superspace formalism will be considered below in a more general form for 
monoclinic components. The theory of the superspase for low-symmetry structures 
(monoclinic and triclinic) is described in detail in (van Smaalen 1992) for a general 
case of 3+d-dimensional space. Below, a theory of superspace is given for a special 
4-dimensional case for composite structures with monoclinic symmetry. 
The superspace formalism has been developed for a special case of 
intergrowth compounds - the so-called misfit layer compounds (van Smaalen 1992). 
All misfit layer compounds found up to now have a common (b*,c*) reciprocal 
lattice plane. For the direct space, the common b*,c*  vectors imply that the a 11 must 
be parallel to a21 . (Here the first index denotes the subsystem, 1 for host and 2 for 
guest; the second index denotes the component along a, b, and c.) Their ratio a0 
a 1 1 /a21 defines the incommensurability of the system. The b and c axes can be 
expressed with respect to an orthogonal coordinate system as: 
a2 = a21 - 	a 	 (3.15) 
a3 = a31 - p, a21 - Av ai 	 (3.16) 
where a31 is the projection of a3 on the direction perpendicular to the layers, and is 
equal for both subsystems. Likewise, a 21 is the projection of a2 within the layers on 
the direction perpendicular to a,, It is also equal for both subsystems. In the case of 
monoclinic cell with the unique axis b, = Pv = 0. Expression for the angles fl (,ôi 
for host and /32  for guest cell) are derived as: 
cos(,8) = - 2 (a 1/a3) 	 (3.17) 
Furthermore, the cy matrices (that describe the modulation vectors) for both 
subsystems can be expressed in the parameters i, Pv and 2,. Again for our special 
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case of a monoclinic cell with unique axis b, the sigma matrices for the host and 
guest are: 
c= CF1= [a0 , 0, (22- a0  2i)] 	(host) 	(3.18) 
2 =  [1/a0 , 0, (Al - 22/ 0 0)] 	 (guest) 	(3.19) 
The modulation vector q = ( a,fl,j) is described by the tY matrix, defined above, and is 
qi = (a0 , 0, (22 - a0  2k)) 	 (host) 	(3.20) 
q2 = (l/a, 0, (Al - 22/ a0)) 	 (guest) 	(3.21) 
so that for the host modulation vector a = a= all/a21, 3 = 0, y = 22 -a0  A l - 
Now we need to find the expression for y = 22 - a0 2. The parameters 2 are 
defined through the equations: a3 = a31 - 2 	Using the expression cos(fl) = - 
(a1/a3), which leads to the expression A v = - cos(fi) (a1/a,3), we find that 
y = (a23 cos/32 - a 1 3 cos)61 )/a2 1 	(host) 	(3.22) 
and 	 q = (a1 1/a21 , 0, (a23 cosfl2 - a 1 3 cosfli )/a21 )) (host) 	(3.23) 
Applying this derived expression for the case of Sbll*,  we need to 
interchange the a and c axes. The b axis is still unique, but the incommensurate axis 
is the c-axis, to keep the analogy with Sb-IT. The modulation vector for the host cell 
of Sb_II*  is: 
qi = ((a21 cos)Y2 - a ll cosfl1 )/a23), 0, a 13/a23) (host) 	(3.34) 
In Sb_ll*,  the vectors {a*, b*, c1 *} and  {a*, b*, c2*1 define the host and 
guest reciprocal lattices. Using this notation, we get the following expressions of the 
modulation vectors in host and guest components: 
qi = ((a2 cos/32 - a1 cosfl0/c2), 0, c 1 1c2 ) 	(host) 	(3.35) 
q2 = ((ai cos,81 - a2 cosfl2)/c i ), 0, c2/c 1  ) 	(guest) 	(3.36) 
Substituting the lattice parameters of SbII* at 6.9 GPa (section 3.3.3), a = 
8.1710(2) A, b 1 = 8.1603(2) A, cj = 3.9508(1), 8 = 90.55°, a2 = 8.1816 A, b2 = 
8.1603 A, c2 = 3.0078 A, and /32 = 92.95° , we find: 
q  = (0.114, 0, 1.3 14) 	 (host) 
q2 = (-0.087, 0, 0.761) 	 (guest) 
116 
This is to compare with the modulation vector we had in a higher symmetry 
composite structure of Sb-IT: 
q = (0, 0, 1.311) 	 (host) 
q2 = (0, 0, 0.763) 	 (guest) 
The composite structure of Sbil*  can thus be described with a supercell 
space group 1' 21c(aO'y)00, where 1' denotes the centering (½ ½ ½ ½) in superspace, 
(X = (a 1 cos/11 - a2 cos)82)/c i ), and y = C1 / c 2. This 4-dim superspace group is chosen 
from (International Tables for Crystallography 1999) to fully describe the host 
component with the 3-dim space group 121c and the guest component with the 3-dim 
space group I2/m. The W' and W 2 matrices for the host and guest component, 
respectively are given below, and are the same as in Sb-fl. 
( 1 0 0 O S" (1 0 0 0" 
0 1 0 0 1 0 O 
W1-matrix: 0andW2 -matrix: I 
0 0 1 0 I I0 0 0 1 
1\0 0 0 lJ 10 0 1 OJ 
As in Sb-H, all the diffraction peaks in SbII*  are indexed using 4 integers 
(h,k,1 1,12), whereas H is modified as H = (h + a 12) a* + k b* + (ii  + g 12)ci* = 
= (h + a 12) a* + k b* + ij cf + 12 c2 . The vectors a*  and  b*  are common for both 
subsystems, the vectors cfc  and c2' have different length and direction, according to 
the monoclinic angles /31  and ,82  of the host and guest cell, respectively. The Sbil* 
structure can be described using the following parameters: lattice parameters of the 
host cell a, b, cj and ,8, modulation vector of the host qi = ( a,0,j) and the W' and W 2 
matrices, as given above. The interplanar distances for main and satellite reflections 
can be calculated using the following expression: 
	
1 	
(h+a 12)  (a* 
)2  + k2  (b*)2 + (ii + y12) (ci *)2 + 
d2 
- 
/ k11 12 - 
+ 2 (h+a 12)  k a* b* cos(180°-flj). 	 (3.37) 
The 4-integer indexing using the modulated composite structure model, 
describe above, is performed for a powder diffraction pattern of Sbil*  at 6.9 GPa, 
using the lattice parameters given above. It appears that the model gives a perfect 
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indexing of the main (host and guest) reflections while it does not account for the 
observed modulation reflections. Thus, it turns out that the proposed structural model 
is not quite correct, and another solution should be found that accounts for both main 
and modulation reflections. 
With a trial and error method, the following solution is found that accounts 
for main as well as modulation reflections: a1 = 8.1710(2) A, b1 = 8.1616(2) A, cl = 
3.9504(l), ,81 = 89.45°, a2 = 8.1815 A, b2 = 8.1616 A, C2 = 3.0083 A, and P2 = 
92.96°, 
with 	 q = (0.166, 0, 1.313) 	 (host) 
q2 = (-0.127, 0, 0.762) 	 (guest) 
The new solution and old solution give the same guest and host cells. The 
difference is only in relative monoclinic distortion of these cells. In the old solution, 
the cells are distorted in the same direction, so that the monoclinic angles are both 
larger than 900. In the new solution, the cells are distorted in different directions, so 
that guest monoclinic angle is larger than 90 0, and the host angle is smaller than 90 0 . 
Subsequently, the a components of the modulation vector are different in the old and 
new solution. 
The new solution for the host and guest unit cells is shown in Figure 3.53. 
The Figure 3.53 also shows a relationship between the tetragonal host-guest cell of 
S b-IT and monoclinic host-guest cell of SbII*. 
C H 
tio. aH  
Figure 3.53 The relationship between the tetragonal and monoclinic host-guest structures. 
The axes for the tetragonal host cell (solid lines) are shown. The angles of the monoclinic 
host cell (dotted line) and guest cell (dashed line), enlarged for clarity, are also indicated. 
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At the transition from Sb-11 to Sbil*  (on pressure decrease), we observe a 
splitting of the modulation reflections, as shown in Figure 3.54, similar to the 
splittings of the main host and guest reflections, discussed in section 3.3.3. The 
modulation reflection 2121 of Sb-II is split into four modulation reflections 2121, 
1221, 1221 and 2121 (Figure 3.54). The reflection 1221 is partly overlapped 
with the strongest peak of the appearing Sb-I phase, indicated by an asterisk in 
Figure 3.54. The 311-1 modulation reflection of Sb-II splits into 3111, 1311 , 
1311 and 3 111 of Sbil*,  whereas only two of them are visible in the diffraction 
pattern (Figure 3.54). Thus, six 1St  order modulation reflections (with m = 
min{ Ilj I , 112 I = 1) are visible in the diffraction pattern of Sbil*,  compared to the 
two 1 s' order modulation reflections visible in Sb-il pattern (those collected at SRS 
Daresbury are compared). 
Two 2'' order (m = 2) modulation reflections are also clearly visible in the 
SbII* pattern, with the (h,k,11,12) indices shown in Figure 3.54. The reflection 0222 
at 20 = 7.86° is clearly visible in SbII*, but corresponding reflection 2022 in Sb-il 
is not present. This observation gives an indication about a possible increase in the 
modulation amplitude and/or change of the shape of the modulation function. This 
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Figure 3.54 Sb-11 and SbII*  patterns at 8.9 and 6.9 GPa, respectively, obtained on pressure 
decrease. The tick marks indicate the positions of the (a) main reflections, (b) 1 " order 
satellite reflections, and (c) 2nd  order satellites. The hk1 1 12 indices are given for 	order 
satellites of Sb-H, and 2' order satellites of Sbil*.  The arrows splitting of the peaks at the 
transition from Sb-II to SbII*.  The asterisk denotes the appearing peaks of the Sb-I phase. 
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The Rietveld refinement of the SbH*  phase at 6.9 GPa with the composite 
incommensurate structure is given in Figure 3.55. The atoms were placed in the 
positions of the host-guest structure given in section 3.3.3. The refinement is 
performed with program JANA2000, using a simple harmonic function with two 
modulation waves to fit the modulation reflections up to the 2' order. The refined 
structure parameters for SbII*  at 6.9 GPa are shown in Table 3.4. The R-factors of 
this fit are: Rmaj,, = 7.8%, Rsat,ist = 12.8%, Rsat,2nd = 12.3%. This very good fit of 
modulated structure model in Figure 3.55 should be compared with the fit to the 
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Figure 3.55 Powder diffraction profile of SbII*  at 6.9 GPa together with a Rietveld 
refinement fit using the modulated host-guest structure. Tick marks beneath the profile mark 
calculated positions of main reflections only. Below tick marks is a difference curve. The 
inset shows the expanded view with tick marks for main and modulation reflection positions. 
There are less symmetry restrictions for the parameters of anisotropic thermal 
parameter and amplitudes of two modulation waves for Sbfl*,  than it is for the 
parameters of Sb-IT (see section 3.4.2.1). All three parameters of atomic position of 
the host atom are free. Their refined values are very close to those obtained for Sb-il 
(compare with Table 3.3). All the amplitudes for both modulation waves for the host 
atom are not equal zero, and are refined. Only the parameters B1, B2x,  and  B2z  for the 
guest atom are not equal zero and are refined. The analysis of the amplitudes of the 
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modulation waves (Table 3.4) shows that the modulation in Sbll*  has the same form 
as in Sb-TI. There are two main displacements: of the host atoms in the a-b plane, 
and of the guest atom along the c-axis. The amplitudes of the modulation waves in 
Sbll* are similar to those obtained for Sb-TI (compare with Table 3.3). 
From Table 3.4 one can see that some components of the anisotropic 
temperature factor of both host and guest atoms are not positive definite, whereas 
only positive values of temperature factor components have a physical meaning. 
Moreover, some of the temperature factor components have large values. The largest 
temperature factor component is along x for both, host and guest, components. These 
large values of temperature factor of atoms give indication that possibly the atomic 
modulation is stronger but cannot be described with the present structural model. 
Another possible explanation is that there is a modulation of temperature parameters, 
which is not accounted for fit the present structural model. 
Table 3.4 Structural parameters for SbII*  structure at 6.9 GPa obtained from a Rietveld 
refinement on the basis of a modulated host-guest structure, including main and 1st  and 2  
order modulation reflections and using two harmonics of a harmonic modulation function. 
The lattice parameters, modulation vector, atomic positions, thermal parameters, amplitudes 
of harmonic modulation function for Vt  and 2' harmonic are given. 
lattice parameters modulation vector 
component a (A) b ( 	) c (A) /1 a 18 7 
host 8.1710(2) 8.1616(2) 1 3.9504(1) 89.456(1)0 0.1662(1) 0 1.3132(1) 
guest 8.18 15(2) 8.1616(2)1 3.0083 92.959(1)° -0.1265(1) 0 0.7615(1) 
Atom x  z 
Sbl (host) 0.1611(4) 0.6569(3) 0.0042(7) 
5b2 (guest) 0 0 0 
Atom U11 U22 U33 U12 U13 U23 
Sbl (host) 0.111(3) 0.002(1) -0.009(1) 0.005(1) 0.016(1) -0.004(2) 
Sb2 (guest) 0.139(5) -0.011(3) -0.022(2) 0 0.018(3) 0 
Atom A ix  A1 Y A 1 z B1x B1 
Sbl (host) -0.017(1) 0.014(1) 0.002(1) 0.003(1) -0.002(1)  
WO 
 
Sb2 (guest) 0 0 0 0 -0.006(1) 
Atom A2x A2Y A 2z B 2x B2 
Sbl (host) 0.002(2) -0.005(1) -0.005(2) 0.008(1) -0.003(1) 
E~2 
(guest) 0 0 
-0
5b2 0 -0.002(2) 0 0. 
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Application to As-Ill 
The basic structure of As-Ill, reported in Chapter 3.3.4, is remarkably close 
to the basic structure of Sbil*.  Indeed, the guest structure of As-ill has been 
reported to be body-centered monoclinic with a monoclinic angle /3= 92.45°, which 
is the same as the body-centered monoclinic guest structure of SbH*  with the 
monoclinic angle 8 = 92.86°. The host structure has been solved as a tetragonal, 
similar to the host structures in Bi-Ill and Sb-11. However, if we consider the host 
and guest structures in a superspace, the supersymmetry of the composite structure 
will be monoclinic. This implies that both host and guest cells of As-ill have a 
monoclinic symmetry. So, the monoclinic angle of the host structure should be 
refined in As-111, and we should check how much it departs from 90 °. In Sbil*,  the 
monoclinic angle 8= 90.250 of the host structure has a small but noticeable deviation 
from 90°. 
The description of As-Ill structure in superspace is therefore very similar to 
that performed for SbII*  (section 3.6.2). As-Il can be described with a superspace 
group l'2/c((xO-y)00, where 1' denotes the centering (½ ½ ½ ½ ) in superspace, 
(X = (a i cos/11 - a2 cos/32)/c i ), and y = C1 / c2 , as in SbH*.  Here, c 1 and c2 are the c-
axis repeat distances of the basic host and guest structures, respectively. This 
superspace group accounts for the 121c symmetry of the host and the 121rn symmetry 
of the guest component. The W' and W 2 matrices for the host and guest component, 
respectively, and are the same as in SbII*.  The lattice parameters for As-HI, refined 
with a Lebail fit are: a = 6.7679(1) A, b1 = 6.7460(2) A, cj = 3.2489(1), 81 = 
90.346(2)°, a2 = 6.7724 A, b2 = 6.7460 A, C2 = 2.4903 A, and /32 = 92.098° . 
Modulation vectors are: qi = (0.0829(4), 0, 1.3046(1)) and q2 = (-0.064, 0, 0.766). 
Thus, the monoclinic angle of the host unit cell departs slightly from 90 0 . 
The 4-integer indexing using the modulated composite structure model, 
describe above, is performed for a powder diffraction pattern of As-HI at 50.0 GPa, 
using the lattice parameters reported for the basic structure in 3.3.4. It appears that, 
as in SbII*,  the model gives a perfect indexing of the main (host and guest) 
reflections while it does not account for the observed modulation reflections. Thus, it 
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turns out that the proposed structural model is not quite correct, and as in Sbll* 
another solution should be found that accounts for both main and modulation 
reflections. 
In analogy with SbH*,  the following solution is found for As-HI that 
accounts for main as well as modulation reflections: a = 6.767 A, b1 = 6.746 A, Cj = 
3.249, /3j = 89.65°, a2 = 6.771 A, b2 = 6.746 A, c2 = 2.490 A, and = 92 . 100, 
with 
q  = (0.116,0, 1.305) 	 (host) 
q2  = (-0.089, 0, 0.767) 	 (guest) 
As in Sbll*,  in As-Ill in the old solution, the host and guest cells are 
distorted in the same direction, so that the monoclinic angles are both larger than 900 
In the new solution, the cells are distorted in different directions, so that guest 
monoclinic angle is larger than 90 0, and the host angle is smaller than 90 °. 
A Rietveld refinement of As-Ill at 50 GPa, performed with JANA2000 using 
the new solution is shown in Figure 3.56. This refinement includes a harmonic 
function with 1 modulation wave and anisotropic thermal parameters. Because, only 
1 " order modulation reflections and no 2nd  order modulation reflections are observed, 
only one modulation wave is included in the refinement. The R-factors are: Rmain = 
6.1%, Rsat,i st = 9.4%. 
The refined structure parameters for As-Ill at 50 GPa are shown in Table 3.5. 
The atomic shift due to modulation that are allowed by symmetry are the same as in 
SbII* structural model. The amplitudes of the modulation waves for the host atom 
displacement in the a-b plane and guest atom displacement along the c-axis in As-Ell 
are comparable with those in SbII*  (Table 3.4). There are amplitudes of modulation 
waves in other directions that have significant values. This gives an indication that 
the form of modulation might be different from that proposed by harmonic model. 
However, the powder diffraction data available, where only 5 modulation reflections 










I 	I 	II 	I 	II 
I 	liii I 	I II 	II 
I 	 I I 
10 12 	14 
	
12.0 	12.2 	 As-III 
at 50 GPa 
I 	I 	I 	11111 II 	1111 I 	1111111 	III II 	11111111 	I 1111111 111111 liii iiiiuiiiiui• 
WO 
4 	6 	8 	10 12 14 16 18 20 22 24 26 2 
20 (deg.) (?.= 0.4654 A) 
Figure 3.56 Powder diffraction profile of As-Ill at 50 GPa together with a Rietveld 
refinement fit using the modulated host-guest structure. Tick marks beneath the profile mark 
calculated positions of main reflections only. Below tick marks is a difference curve. 
The inserts show expanded views of the profile. The tick marks in the right inset show 
positions of (a) main and (b) modulation reflections. 
The fit of the diffraction pattern of As-Ill with the modulated composite 
structure accounts for the problems indicated at the end of the section 3.3.4, where 
only a basic structure has been considered. The splitting of the host reflections is 
now explained by the lower symmetry of the host structure, monoclinic with an 
angle /3= 89.65° instead of tetragonal. The weak extra reflections, not accounted for 
by the basic composite structure, are now accounted by the modulated structure, as 










Table 3.5 Structural parameters for As-Ill structure at 50.0 GPa obtained from a Rietveld 
refinement on the basis of a modulated host-guest structure, including main and order 
modulation reflections and using two harmonics of a harmonic modulation function. 
The lattice parameters, modulation vector, atomic positions, thermal parameters, 
amplitudes of harmonic modulation function for 1st  and 2 nd  harmonic are given. 
component 
lattice parameters vector 
a (A) b (A) c (A) 
4modulation 
/3 
host 6.7673(2) 6.7464(2) 3.2491(1) 89.654(2) 0. 1 	0 1.3047(1) 
guest 6.7719(2) 6.7464(2) 2.4903(1) 92.099(2) -0.0889(2) 0 0.7665(1) 
T Atom x  z 
IAs1 (host) 0.1612(5) 0.6521(5) -0.004(2) 
tAs2 (guest) 0 0 0 
Atom U11 U22 U33 U12 U13 U23 
Asi (host) -0.004(2) 0.014(3) 0.018(1) 0.010(1) -0.011(1)  
As2 (guest) 0.009(4) -0.009(3) 0.010(3) 0 -0.003(2) 0 
Atom Ai x  Al Y Az B 1x Bly Bi z  
Asi (host) -0.016(1) 0.018(1) -0.005(2) 0.001(1) -0.003(1) 0.014(1) 
As2 (guest) 0 0 0 0 0.002(2) 0 
Atom A 2x A2Y A 2z B2x B2 Y B2z 	] 
Asi (host) -0.013(2) -0.008(2) 0.007(3) 0.011(3) -0.005(3) 0.013(6) ] 
As2 (guest) 0 0 0 0.001(3) 0 0.030(3)J 
Thus, we have explained the observed diffraction patterns of As-HI in full 
detail. 
3.4.3 Analysis of modulations from single-crystal data 
As was shown in the section 3.4.2, the nature of additional peaks could be 
established from powder-diffraction profiles of Sb-II and Bi-HI. But the small 
numbers of these peaks, their weakness and their overlap with the much stronger 
main reflections prevented determination of details of the modulation, such as form 
of the modulation wave. Single-crystal data were required for this. We were unable 
to grow a single crystal of Sb-IT, as a single-crystal of Sb-I transforms to a smooth 
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powder of Sb-il without any signs of re-crystallisation. In situ observation of the 
transformation from phase I to phase II at temperatures around 2500  shows that the 
spotty Sb-I transforms to a perfectly smooth Sb-H. We thus turned to Bi-HI, which 
has several times weaker satellite reflections, but had previously been obtained as a 
quasi-single-crystal sample (section 3.3.2). Many attempts using the method 
described previously (section 3.3.2) yielded an acceptable single-crystal sample at 
5.5 GPa. 
Single-crystal x-ray data are collected on station 9.8 at the Synchrotron 
Radiation Source (SRS), Daresbury Laboratory with the experimental set-up 
described in Chapter 2. The x-ray wavelength is 0.4815(l) A. Data are collected in a 
series of w--scans with the stationary detector first covering 0 to 42 ° in 20 and then 0 
to —42°. Each frame of scan has a width of 0.10  in co. The SMART and SAINTPLUS 
program suits are used for data analysis and reduction. 
The information about reciprocal space of Bi-Ill, obtained from the single-
crystal data, is shown in Figure 3.57. Two sets of reflections, from host and guest 
components, can be clearly seen. As the data analysis programs SMART and 
GEMINI cannot deal with incommensurate structures, these two sets of reflections 
are analysed separately, as two independent cells. The lattice parameters and 
orientation UB matrices are determined with the program GEMINI, using procedures 
described in chapter 2, separately for the host and guest unit cells. Indexing of strong 
host and guest reflections gives lattice parameters of aH = 8.556 A, CH =  4.182 A and 
aG = 8.556 A, CG = 3.195 A (at 5.5 GPa). The intensities are extracted for the host 
and guest structure separately, using the host and guest orientation UB matrices. The 
intensities for non-hk0 host reflections, non-hk0 guest reflections and the common 
hkO reflections are used to refine the basic host-guest structure, using the basic 
structure model and the computer program JANA2000, as it was done in section 
3.4.2.1. Refinement of the basic structure against the main reflections gives atomic 
coordinate x = 0.1532(2) for the Bil (host) atoms in the (x x+½ 0) positions, and (0 0 
0) for Bi2 (guest) atoms of the superspace group I'41mcm(00')0000. This is very 
similar to the atomic positions found from our powder diffraction studies on Bi-ifi 






• 	 a .-. 
• 	 1 
a 	 O 	 •a 
,' 	a, 	 • 8 
• 8 
a 
-, •  
IL 
\ 
ö, 	'a 	. 	2 
' • 	 •.- 	4 	. 	 • 	- - 
q of p \• 	•L 	•. 
• 	 • 	•. • 	 a a. 
- a •' 	 - 	 a .' 





• 	 a 	 •• a . 	• 	•8 
• 	8 	 . 
a - 	 0 





Figure 3.57 The RLATT screen showing the positions (without information on intensity) of 
strong diffraction reflections from data collection on single-crystal of Bi-Ill at 5.5 GPa. 
Reciprocal space axes are shown. Reciprocal c-axis parameters for the host and 
guest cells are indicated. 
The next step in data analysis is to find the satellite reflections and to extract 
their intensities. As the standard data analysis programs as SMART and GEMINI 
cannot deal with 4-integer Miller indices or non-integer indices, a special manual 
procedure is developed to analyse the satellite reflections. For example, to integrate 
all the satellite reflections lying on the layer hk2 1, the hk1112 indices should be first 
expressed in terms of hkl indices with non-integer / with respect to the host cell. The 
index! is calculated as 111 + y*12 = 0.69, with y = CHI CG = 1.309, and the satellite 
reflections hk2 1 are expressed as hkO.69. Then, the hkO.69 reflections should be 
turned into hkl reflections, to give integer indices to all the reflections of this layer. 
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A transformation is therefore applied to the host UB matrix to obtain a UB matrix for 
the hk2 1 satellite reflections, where the element a33 of the host UB matrix, which 
defines the translational vector along the c-axis, is divided by 0.69. The, the hk2i 
reflections can be integrated using the new UB matrix. This procedure should be 
performed for every set of satellite reflections. 
Eight sets of first order satellite reflections hk1112 with (11,12) indices (1,1), 
(2,1 	(3,1), (1,1), (4,1), (2,1), (3,1), and five sets of second order satellites 
hk1112 with (11,12) indices (3,2), (2,2), (4,2), (2,4) and (2,2) were integrated. The 
location and distribution of these reflections in the (Ok!) reciprocal lattice plane of the 
host are shown in Figure 3.58. 
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Figure 3.58 Distribution of the measured main reflections (solid symbols), 
first-order satellites (open symbols) and second-order satellites (half-filled symbols) 
in the (Okl) reciprocal lattice plane of Bi-Ill. The satellite peaks are at 1 = 1 + 7*12. 
(from McMahon et al 2003) 
After removing from the list of reflections the reflections affected by powder 
lines from the pressure cell materials or reflections from diamond anvils, reliable 
intensities are obtained for 1621 main reflections and 1103 satellite reflections to a 
d-spacing of 0.9 A. Correction for sample and pressure cell absorption is applied 
using the computer program SADABS (see chapter 2), and the reflections are 
averaged to give 238 main reflections, 111 first-order satellites and 31 second-order 





At this stage, the intensities of the satellite reflections are included in the 
structure refinement together with the main reflections. As it was done for powder 
data (section 3.4.2.1), a harmonic function with two modulation waves is introduces 
to model the positional modulation in Bi-ffi. However, the refinement of the 
modulated structure is unsatisfactory: the fit of second-order satellites is poor, and 
the introduction of further Fourier components results in unstable refinements. 
Further analysis is conducted by our colleagues from the University of 
Bayreuth, using a computer program BAYMEM, recently developed for a Maximum 
Entropy Method (MEM) analysis of electron density in superspace (Schneider 2001). 
The MEM allows for a model-independent reconstruction of the electron density 
(Gilmore 1996). This method was extended to determine the electron density in 
superspace from the scattering data of an aperiodic crystal (van Smaalen 2003). The 
modulation functions are then derived from electron density in a straightforward 
way. These functions are independent of a model and they can assume any shape. 
Consequently, those shapes are recovered that provide the best fit to the data. 
The BAYMEM refinement of the modulated structure of Bi-111 converged to 
R = 4.1% using all 380 reflections (Palatinus et a! 2003). Modulation functions were 
obtained from the 4-dimensional electron density produced by the BAYMEM 
analysis, by determining the position of the centre of charge as a function of 
superspace coordinates x 14 and x24. The displacement of the host and guest atoms 
due to the modulation is shown in Figure 3.59. x 14 and x24 have the same meaning as 
introduced in section 3.4.2. 
For the Bi 1 host atoms, the principal modulation has a block-wave-like form 
in the x-y plane. The displacements of the Bi2 guest atoms follow a distorted saw-
tooth function of period ½ in x 24. As can be seen from the Figure 3.59, the maximum 
displacement amplitude of the Bil host atoms in x-y plane is 0.009*8.6  A = 0.08 A. 
The maximum displacement amplitude of the Bi2 guest atoms along z-axis is 
0.06*3.2 A = 0.19 A. Thus, these two principal modulations have maximum 
displacements that are similar in magnitude (within a factor of -2). The maximum 
displacement of Bi 1 along z-axis is approximately an order of magnitude smaller 
(0.003*4.2 A = 0.01 A) and will be neglected. 
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Figure 3.59 Displacement (in fractional units) of the Bil host atoms and Bi2 guest atoms 
away from their unmodulated positions, as determined from the MEM refinement, 
as a function of x 14 and x, respectively. The displacements shown in (a) apply to 
the Bil atoms at (0. 1532, -0.3468, z=0,1,2...) and, with the sign of the x and y 
deviations reversed, to the Bil atoms at (41532, -0.3468, z=1/2, 3/2, 5/2...). 
The displacements shown in (b) apply to the Bi2 atoms at (0, 0, z=0,1,2...) and 
at (1/2, 1/2, z=1/2,3/2,5/2...) (from McMahon et al 2003) 
To model the modulation of Bil and Bi2 for structure refinement in JANA 
2000, idealised modulation functions were used: harmonic function for Bil (host) 
atom, and saw-tooth shaped function of a double period for Bi2 (guest) atom, both 
with two modulation waves. The Fourier series for a harmonic function with two 
modulation waves, used for Bil, is given in section 3.4.2, equation 3.14. The saw-
tooth function, that describes the positional displacement of Bi2 along z-direction, is 
defined as (Petricek et al 1990): 
130 
u(x4) = 2uo [(x4-x°4)/A] 	for (x04-Al2 <X°4 <x°4+Al2) 	(3.38) 
where u is the displacement of the Bi2 atom, u0 is the maximal displacement, A is the 
definition interval of the saw-tooth function, and X0,4  is the center of the saw-tooth 
function. Thus, for x4 = X04, the displacement from the basic atomic position is zero, 
and for X4 = X 04 ± A, the displacement is maximal. For Bi-III, X 04 = 0.25 and A = 0.5. 
To model the modulation function for Bil atom, a sum of two harmonics defined for 
0 <Xs4 < 1/2 and the same sum of two harmonics shifted by half a period defined for 
1/2 <Xs4< 1 
u( s4) =cos( 2 	s4 ) + B sin( 21r . p) 	 for 0< X s4 < 1/2 
cos( 2m.n(x 4  —1/2))+B sin(2•n(x 	 s4 4 —1/2)) for 1/2< 	< 1 
(3.39) 
Using these models, and including anisotropic temperature parameters for 
both atoms, the final fit to the single-crystal data gave Rmain = 6.4%, Rsat,ist = 9.3% 
and Rsat,2nd = 16.1%. We note that the fit to the main reflections improves from 
= 9.0% to 6.4% on introduction of the modulation. The relatively high R-values of 
the satellite reflections are explained by their low intensities and the remaining 
imperfections in the model for the modulation functions. The refined parameters 
obtained in this fit are summarised in Table 3.6. 
Thus, we believe the most accurate determination of the modulation 
functions is given by the results of the MEM analysis. However, the limited 
diffraction data measurable along the c axis leaves some uncertainty about the exact 
details of the fine structure of the saw-tooth-shaped Bi2 modulation, particularly the 
magnitude of the departures from simple saw-tooth shape. Although the MEM 
analysis suggests that the Bi2 modulation is continuous in x24 and passes through 
zero at X24 = 0 and ½, it seems physically more probable that this modulation is 
actually discontinuous at x 24 = 0 and ½. The limited c axis resolution of the data 
probably smears the discontinuities out of the MIEM analysis. In analysing the effects 
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of the modulation on the Bi-Bi distances we have therefore assumed a Bi2 
modulation that have maximum and minimum values, rather than zeros, at x24 = 0 
and ½. The marginal uncertainty in this matter has little consequence as <1% of 
atoms in the structure are affected. 
Table 3.6 Structural parameters for Bi-Ill structure at 5.5 GPa obtained single-crystal data 
fit on the basis of a modulated host-guest structure, including main and and 2' d  order 
modulation reflections and using two harmonics of a harmonic function applied for host 
and of a saw-tooth function applied for guest atoms. The lattice parameters, modulation 
vector, atomic positions, thermal parameters, amplitudes of harmonic modulation 
function for 1St  and 2 n harmonic are given. 
lattice parameters modulation vector 
component a (A) c (A) a 
host 8.5570(4) 4.1644(3) 0 0 1.310(1) 
guest 8.5570(4) 3.1916(2)1 0 0 0.763(1) 
Atom x U11 U33 U12 Aix A 2x B2z 
Bil(host) 0.1531(2) 0.014(1) 0.017(1) -0.0028(3) -0.0048(1) 0.001(1) -0.0003(2) 
Atom x U11 U33 U12 B2  
Bi2 (guest) 0 0.017(1) 0.035(2) 0 0.018(1) 
Figure 3.60 illustrates the nature of the structural modulation over three unit 
cells of the host structure. A chain of guest atoms is shown passing through the 
origin of the structure, with the square arrangements of host atoms around the chains. 
All atoms are shown in their unmodulated positions, predicted by the basic 
incommensurate composite structure. The directions and magnitudes of the 
modulation displacements are indicated. 
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Figure 3.60 Part of the Bi-HI structure plotted over the range —0.5 <x <0.5, -0.5 <x <0.5 
and 0:5 z < 3.2, where z is referred to the host unit cell. Host atoms (light grey) 
and guest atoms (dark grey) are shown in their unmodulated positions. 
Some atoms are labelled with their z coordinates relative to the host unit cell. 
The displacements of the atoms can be derived directly from Figure 3.59: for 
example, the guest atom at z = 1.528 in the host cell is at x24 = 0.528 which yields a 
deviation of +0.0305 in fractional units (Figure 3.59) and hence the displacement of 
+0.097 A shown in Figure 3.60. Figure 3.60 shows that guest atoms with 
unmodulated positions nearly coplanar with a host-atom square are relatively 
strongly displaced away from the plane of the square. At the same time, those guest 
atoms with positions between the host-atom squares are (less strongly) displaced 
towards midpoint. The effect of modulation on the guest chain atoms can be seen to 
produce a quasi-pairing of atoms. The paired separations range from 3.16 A down to 
3.08 A, with an interpair distance of between 3.23 A and 3.31 A. This compares with 
a constant guest-guest spacing of 3.195 A in the unmodulated structure. 
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The modulation displacements of the host atoms are principally in the x-y-
plane (Figure 3.59). They involve variations in both size of the host-atom squares 
around the guest atoms (Ad in Figure 3.60) and their orientation (AO). The 
displacements reduce the closest approach distance of the host and guest atoms to 
3.20 A, a little below the closest-contact distance of 3.24 A found in the 
unmodulated structure. The shortest host-host atom distance varies between 3.12 and 
3.16 A about the 3.14 A of the unmodulated structure. 
The fact that the guest atom is displaced away from the centre of the square 
formed by host atoms, affects our conclusion about the number of nearest 
neighbours, made in section 3.3.2. It was shown that in the basic unmodulated 
structure, a host atom has 2-3 guest neighbours, together with 7 host neighbours 
there are 9-10 nearest neighbours (NN) all together. A guest atom was shown to have 
8-12 host NN, and together with 2 guest NN there are 10-14 NN all together. Now, 
we understand, that a host atom can only have 2 guest NN, and a guest atom can 
only have 8 host NN. Thus, the coordination number in a Bi-11I-type structure is 9 
NN for a host atom, and 10 NN for a guest atom. 
3.5 Summary. 
In this section, the experimental results presented above are summarised and 
discussed. The incommensurate structures of group-V elements reported in this study 
are systematised and conclusions are drawn from the comparison of the structural 
parameters. These structures are compared to the known incommensurate structures 
recently found under pressure in group I and II elements. 
3.5.1 Group-V elements 
The incommensurate composite structures found in group-V elements Bi, Sb 
and As all comprise two components, host and guest, that are incommensurate with 
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each other along one axis. All these structures have 8 host atoms forming a body-
centered cell, either tetragonal with space group 141rncrn (as in Bi-HI and Sb-111) or 
slightly monoclinic with space group (SG) 121c (as in As-HI and Sbll*).  The atom in 
the host cell of Bi-ifi and Sb-H are placed in 8h position (x x+1/2 0), with x 0.156. 
The host atoms in Sbll*  and As-Ill, are placed in 8f position (x y z) with x 0.161, 
y & 0.656 and z z 0, with x + y 1/2. The symmetry of the host cell depends on the 
symmetry of the cell formed by guest chains, which can be tetragonal of monoclinic. 
The guest atom chains form a simple body-centered structure with 2 atoms in the 
unit cell, either tetragonal with SG 141mmm (Bi-Ill and Sb-H), or monoclinic with 
SG 121rn (As-Ill and SbH*).  In superspace, these composite structures are described 
with 1'41mcm(00y)0000 or 1'2/c(aO'y)00 superspace groups, where 1' denotes the 
centering in 4-dim, a 0.1 and y - 1.31. This description accounts for all the 
observed diffraction reflections, including modulation reflections up to 2 nd  order. 
The lattice parameters of the host and guest cells for the group-V elements 
are summarised in Table 3.7. The CH/ CG ratios change very slightly with pressure, 
showing the true incommensurability of these structures (see section 3.3). The CHI CG 
ratio decreases with pressure for all incommensurate phases in group-V element. The 
CH / aH ratio remains constant over the entire range of stability for all the 
incommensurate phases of group-V elements (see section 3.3). This shows an 
isotropic compression of the host structure. 
It will give us more understanding of the incommensurate composite 
structure in group-V elements, if we compare them with the other phases existing in 
these elements at different pressures. In following, we compare the interatomic 
distances and coordination number for the phase in the element Bismuth. 
Figure 3.61 shows a plot of interatomic distances for Bi in As-type (A7), Bi-
II, Bi-Ill, Bi-IV and bcc phases as a function of pressure. The closest guest-guest 
approach of 3.08 A in the modulated structure of Bi-1111 at 5.5 GPa is comparable 
with the closest approach distance of 3.147 A in Bi-ll at 2.6 GPa (Brugger et al 
1967). It is also very similar to the closest approach distance of 3.071 A in Bi-I at 
atmospheric pressure, which becomes 3.037 A at the pressure of the I-II transition. 
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Table 3.7. Structure parameters of the incommensurate composite phases in 
group-V elements. Stability pressure range, lattice parameters, atomic position 
parameter and atomic volume are given at particular pressures for the 
structures of Bi-ifi, Sb-I!, SbII*  and As-Ill. 
Phase Bi-Hl Sb-H SbH* As-111 
Stability range 2.7-7.7 GPa 8.6-28 GPa 8.0-8.6 GPa above 48 GPa 
Space group and 
atomic positions 
host 141rncm 141mcm 121c 121c 
8h(xx+1/20) 8h(xx+1/20) 8f(xyz) 8f(xyz) 
guest 141mmm 141rnrnm 12/m 12/m 
2a(000) 2a(000) 2a(000) 2a(000) 
Supersymmetry l'41mcm(00y)0000 I '4/mcm(OOy)0000 I'21c(aOy)00 1'21c(a07)00 
structural at 6.8 UPa at 10.3 GPa at 6.9 GPa at 50.0 GPa 
parameters  
lattice all = 8.5178(1) aH = 8.0683(1) aH = 8.1710(2) aH = 6.7673(2) 
parameters CH = 4.1644(1) CH = 3.9068(1) bH = 8.1616(2) bH = 6.7464(2) 
host (A) c!I =3.95O4(l) cH =3.249l(l) 
= 89.456(1) 8H = 89.654(2) 
guest (A) aG = 8.5178(1) aG= 8.0683(1) aG= 8.1815(2) aG=  6.7719(2) 
CG =3.1800(1) CG =2.9822(1) bG = 8.1616(2) bG = 6.7464(2) 
CG = 3.0083(1) CG = 2.4903(1) 
fiG = 92.959(1) fiG = 92.099(2) 
cH/aH 0.489 0.484 0.483 0.480 
cG/aG 0.373 0.370 0.368 0.369 
modulation 
vector (aOy) 
a 0 0 0.1662(1) 0.1162(3) 
CH/CG= , 1.3096(1) 1.3100(1) 1.3132(1) 1.3047(1) 
host atomic x = 0.1533(1) x = 0.1572(1) x = 0.1611(4) x = 0.1612(5) 
positions y = 0.6569(3) y = 0.6521(5) 
z = 0.004(1) z = -0.004(2) 
Atomic volume 28.46 A3 23.95 24.79 14.05 
(A)  
Vat./Vo 0.805 0.793 0.821 0.653 
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Figure 3.61. Interatomic distances in Bi in the phases I, II, Ill, IV and V as a function of 
pressure. The host-guest distances in Bi-Ill vary within the shaded area. The maximum 
deviation of the guest-guest distance due to the modulation is shown by arrows. The 
crystallographic data, used for the calculation of these ineratomic distances and the actual 
values of interatomic distances for each phase at particular pressures are given in Table 3.8. 
The conclusion from this comparison is that the Bi-Ill structure takes an 
intermediate position in the structure transition sequence between low-coordinated 
structures of As-type and Bi-11 and high-coordinated structure bcc. The coordination 
number 9-10 of Bi-Ill gives an atomic arrangement to fill the gap between 3+3-
coordinated As-type structure and 8+6 coordinated bee structure. This is necessary to 
provide an increase in coordination number in a structural transition sequence with 
pressure. The interatomic distance in Bi-Ill can be seen to include quite short 
distances, comparable with the distance in the covalently bonded As-type structure. 
This means that the host and guest atoms still retain some degree of covalency. And 
again the Bi-111 takes an intermediate position between the convalently bounded As-
type structure and metallic bee. 
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Table 3.8 Summary of crystallographic data of Bi phases. These data were used 
for the calculation of these ineratomic distances shown in Figure 3.61. 
Phase Structure Pressure Space group, Lattice Interatomic 
atomic positions parameters distances 
(A) 
Bi-I As-type, 0 GPa R3m a = 4.546 A, d1(3) = 3.071 
hR2 (AP) 6c (00 z) C = 11.860 A d2(3) = 3.529 
z=0.234  
Bi-I 2.1 GPa z = 0.236 a = 4.489 A d1 (3)=3.037 
c= 11.509 A d2(3)=3.414 
Bi-il monoc., 2.8GPa C21m a=6.6584A, d1 (1)=3.118 
mC4 4i (x 0 z) b = 6.0982 A, d2(2)=3.18A 
x = 0.2489 * c = 3.2965 A, d3(2)=3.297 
z = 0.1372 * 8= 110.37° d4(1)=3.369 
d5(1)=3.758  
d6(2)=3.872 
Bi-HI host- 3.6 GPa host: a = 8.63 A, host-host: 
guest, I4Imcm CH = 4.22 A, d1 (2)=3.15 
tI10.6 8h (xx+112 0) CG = 3.22 A d2(4)=3.40 
x=0.154 d3(1)=3.76 
guest: host-guest: 
141mmm d4(2-3) from 






3.27 to 3.9. 
Bi-V bcc,c12 8.5GPa 143m a=3.80A d1(8)3.29 
2a (0 0 0)  d2(6)3.80 
* atomic parameters were obtained from a Rietveld refinement of Bi-il in present work. 
3.5.2 Group-11 elements 
After the discovery of the incommensurate composite structure in elements, 
when it has been found in Ba-TV (Nelme et al 2001), the same structure has been 
reported for another alkali-earth element Sr, in a high-pressure phase Sr-V 
(McMahon et a! 2000a). Both in Ba-IV and Sr-V, the structure is comprised of host 
and guest components incommensurate with each other along one axis. The host 
atoms arrange themselves in a body-centered tetragonal structure with space group 
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141mcm, with atoms in 8h position (x x+112 0), x - 0.148. The guest atom chains 
form C-face-centered structures with 2 atoms in the unit cell, having tetragonal, 
orthorhombic or monoclinic symmetry. 
The structural parameters for the Ba-TV and Sr-V phases are summarised in 
Table 3.9. The axial ratios and host atom position parameters seem to be very close 
to each other for Ba-TV and Sr-V. These structures can be compared to the composite 
structures in group-V elements. From the tables we can see a difference in axial 
ratios and host atom position parameter. 
Table 3.9 Structure parameters of the incommensurate composite phases in group-il 
elements. Stability pressure range, lattice parameters, atomic position parameter and 
atomic volume are given at particular pressures for the structures of Ba-TV and Sr-V 
(from Nelmes et al 1999, McMahon et al 2000a) 
Phase Ba-TV Sr-V 
Stability range 12-45 GPa 48-at least 74 GPa 
Space group and 
atomic positions 
host 141mcm 141mcm 
8h (x x+1/2 0) 8h (x x+1/2 0) 
guest tetragonal C- tetragonal C-face 
face centered centered 
monoclinic C- 
face centered  
structural at 12.0 GPa at 56 GPa 
parameters  
lattice aH=8.42l(l) aH=6.958(2) 
parameters CH = 4.7369(4) CH = 3.959(2) 
host (A)  
guest (A) aG=aH aG=aH 
CG =3.4117(5) CG =2.820(1) 
cH/aH 0.563 0.569 
cG/aG 0.405 0.405 
CH/CG 1.388 1.404 
host atomic x = 0. 1486(1) x = 0.1460(2) 
positions  





The CH / CG ratio decreases with pressure slightly (Nelmes et al 1999). The 
behaviour of the group-V elements with respect to the CH I CG ratio is therefore very 
similar to the behaviour of Ba-TV. 
For the group-il elements Ba and Sr, a tetragonal host structure has been 
reported, whereas guest structures with lower symmetries have been observed. The 
analysis of the host structure symmetry done for group-V elements in section ???, 
can be now applied to the composite structure of Ba. The host cell should have a 
monoclinic symmetry if the guest structure is monoclinic. Therefore, the data of Ba-
IV should be re-analysed, taking into account a lower symmetry of the host. 
In addition, it has been shown that the composite incommensurate structures, 
host and guest, should be modulated with the periodicity of the other component. 
Therefore, the single-crystal data of Ba-TV should be looked at with respect of weak 
satellite reflections. The positions of these modulation reflections can be predicted 
(calculated) from the host lattice parameters and the modulation vector. The 
information of intensities of these modulation reflections can give the shape of 
modulation of the host and guest atoms. Such modulation reflections were indeed 
found in Ba-TV (McMahon - personal communication), and the analysis of their 
intensities and the modulation of atoms is now in progress in the Edinburgh High-
Pressure Group. 
3.5.3 Group-1 elements. 
An incommensurate composite structure has been discovered in yet another 
element, in alkali-earth metal Rb. The Rb-TV phase, stable between 17 and 20 GPa, 
has been reported to have a composite structure, comprising a tetragonal host and a 
tetragonal guest, that are incommensurate with each other along the tetragonal axis 
(McMahon et al 2001b). The exciting feature of this structure is that the host atomic 
arrangement is different from that found previously in Ba, Sr, Bi, Sb and As. The 
host structure in Rb is body-centered tetragonal with 16 atoms occupying position 
16k (x, y, ½) of the space group 141mcm, with x = 0.7903(1) and y = 0.0851(1). The 
guest structure is the familiar arrangement of the atoms in a body-centered tetragonal 
cell with 2 atoms occupying position 2a (0 0 0) of the space group I4Immm, as was 
140 
found in the Bi and Sb guest structures. The lattice parameters of the host and guest 
cells at 16.8 GPa are: aH = aG = 10.3503(1) A, CH = 5.1865(2) A, and CG = 3.1797(6) 
A. 
The CH/CG ratio in Rb-TV at 16.8 GPa is 1.631. This is larger than the value 
Of CH/CG 1.31 found in the group-V elements Bi, Sb and As, and the CH/CG  —1.39 
found in Ba and Sr. Moreover, the change in CH / CG ratio with pressure is unique in 
Rb-TV structure, it increases with pressure in contrast to the decrease in c11/ CG with 
pressure found in Bi, Sb, As, Ba and Sr. The host-guest structures in these elements 
characterised with the "tooth-paste" effect, where guest atoms are squeezed out of 
the host cell with increasing pressure. There is an opposite effect in Rb-IV. 
In the Rb-TV composite structure, a unique effect of melting of the guest 
component has been observed on pressure decrease. Diffraction patterns of Rb-TV at 
16.2 GPa on pressure decrease exhibit broad diffraction reflections of the guest 
component, whereas the host diffraction reflections remain sharp. A possible 
explanation of this effect has been proposed, that the chain separation - which at 7.3 
A is significantly larger than in the IIJV group elements - passes through a critical 
value of a long range ordering of the chains. 
In a lighter group-I element K, a similar incommensurate composite structure 
has been observed in the K-ill phase, stable above 23 GPa (McMahon - personal 
communication). Therefore, the incommensurate composite type of structure is also 
appears to be common for high-pressure phase of alkali elements. Moreover, in the 
high-pressure transition sequence of the light group-I element Na, a tetragonal 
structure with 20 atoms in the unit cell, similar to Rb-TV, has been reported to be 
stable above 120-130 GPa (Syassen 2002). Although the incommensurability of this 
high-pressure structure of Na has not been confirmed, it is not improbable, that Na 
exhibits an incommensurate phase similar to Rb-TV and K-HI. 
3.5.4. Summary. 
To summarise, incommensurate composite types of structure have been 
discovered in 7 elements so far: the group-TI alkali-earth elements Ba and Sr, the 
group-V elements As, Sb and Bi, and the group I alkali elements K and Rb. These 
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structures exhibit different interesting behaviour, which are listed below. 1) Two 
different host configurations are observed: Rb-TV-type and Ba-TV-type. The Ba-TV-
type host structure can be tetragonal as well as slightly monoclinic, depending on 
guest cell symmetry. 2) Different kinds arrangements of guest chain are found to 
form a unit cell with two atoms: body-centered/C-face-centered with tetragonal or 
monoclinic symmetry. 3) Modulation of host and guest cells is observed. 4) Phase 
transitions are found in host and guest structures with change in structure symmetry. 
5) Melting of the guest chains in the well crystallised host. 6) Diffuse scattering 
produced by a partial disorder between chains of guest atoms. 
Since the discovery and publication of the incommensurate composite 
structure in an element (Nelmes et al 1999), many experimental studies have been 
performed to understand the nature and properties of these structures in elements 
(McMahon et al 2000a,b, Degtyareva et al 2001, McMahon et al 2001b, McMahon 
et al 2003). The author of this thesis contributed to the discovery of this type of 
structure in high-pressure phases of the group-V elements, to the study of 
modulation between host and guest components, and the study of pressure-induced 





The group-ill element Ga has a unique ambient pressure structure that has 
one short interatomic distance. Ga has a complicated phase diagram, it melts under 
pressure, undergoes several phase transitions and exhibits metastable effects (Tonkov 
1992). The high-pressure phases of Ga form single-crystals and powders, which have 
caused difficulties for experimental identification of phases. There are still remaining 
uncertainties about the crystal structures and the stability regions of phases (Schulte 
and Holzapfel 1997). However, as it is now possible to conduct both powder and 
single-crystal diffraction, as was demonstrated in the previous chapter, Ga represents 
an interesting and challenging candidate for our studies. 
In this chapter, previous studies of element Gallium are reviewed and the 
experimental difficulties found in studies on Ga, connected to metastable effects, are 
described in detail. Additionally, different P-T paths are established from the 
published studies on Ga to obtain the high-pressure phase Ga-1[L The details of the 
experimental results, obtained using a combination of powder and single-crystal 
diffraction techniques, on phase transitions in Ga and phase stability ranges under 
high-pressure at room temperature are given. The structure solution, determined from 
single-crystal data, for the high-pressure phase, Ga-H, is presented. The claims of the 
previous studies about the structure of Ga-II are explained in view of present 
structure solution. This is followed by interpretation of the crystal structure of Ga-111, 
whereas it is compared with recently reported crystal structures of high-pressure 
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phases of alkali elements Li, Cs and Rb. The structure solution of a new high-
pressure phase, found to be stable above the Ga-TI phase, is presented from powder 
diffraction data. An interpretation of the Ga-V structure is given. Pressure 
dependence of structural parameters of Ga high-pressure is reported. A revised P-T 
phase diagram is proposed for Ga. 
4.2 Previous high-pressure studies 
Gallium exhibits extraordinary properties in its crystal structure as well as in 
its phase diagram. In contrast to the neighbouring group-ill elements Al and In, 
which crystallise in an fcc structure and in a small tetragonal distortion of the fcc 
structure, respectively, Ga crystallises in a unique orthorhombic crystal structure 
with 8 atoms in the unit cell, Pearson notation oC8. The lattice parameters are 
reported to be a = 4.5107 A, b = 4.5 167 A, c = 7.6448 A (Wyckoff 1963). The atoms 
occupy the 8f position (0 y z) of the space group Bmab (Wyckoff 1963), which is a 
non-standard setting of the Cmca space group. The atomic position parameters are y 
= 0.0785 and z = 0.1525. The crystal structure of Ga at ambient conditions (Ga-I) is 
shown in Figure 4.1. Each atom in Ga-I has 7 nearest neighbours at the distances: 
d1 (1) = 2.44 A, d2(3) = 2.71 A and d3(3) = 2.80 A (Wyckoff 1963). The numbers in 
brackets indicate the number of interatomic distances at a particular d-value. There is 
one short interatomic distance d1 that 11% shorter than the next interatomic distance 
d2. It is comparatively short for a normal metallic bonding and rather reveals the 
covalent nature of the bond. The presence of one shorter interatomic distance in Ga-I 
is believed to cause a partial covalent character of some physical properties of Ga, as 
reviewed in (Bemasconi et al 1995), and discussed in more detail in Chapter 5. 
Ga has a very low melting temperature (293 K) at ambient pressure. At low 
temperature and under high-pressure Ga shows many transitions to stable and 
metastable phases (Tonkov 1992). These have been widely studied over the past 68 
years by volumetric and resistivity measurements, differential thermal analysis, and 
diffraction techniques. The nomenclature for the high-pressure and low temperature 
phases of Ga in the literature is inconsistent, in particular the phases II and III are 
often mixed up. In the following literature review and in the report of the results of 
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our studies, we adopt the phase notation used in the by Jayaraman et a! (1963) and 
Bosio (1978). 
.')_ 	a b 
Figure 4.1 The oC8 crystal structure of Ga-1 at ambient conditions. The shortest d 1 distance 
is denoted by a thick line. The d2 and d3 distances are shown by thin lines. Atoms in dark 
colour lie on the (100) plane at x = a, while atoms in light colour lie on the next lower plane 
at x = a12. Atoms in the x = 0 plane are not shown. 
Ga was compressed for the first time by Bridgman in 1935 up to 4.6 GPa and 
studied by volumetric techniques (Bridgman 1935). Bridgman discovered melting of 
Ga under pressure and the transition from Ga-I to another solid modification (Ga-11) 
at low temperature. The I-Il transition was found at CO2  temperature (193 K) at 
about 2.0 GPa. Two other transition points were obtained at 232 K and 262 K. No 
other transition was found to 4.6 GPa. The volume change at the I-Il transition is 
about 1% and is almost constant at different temperatures from 273 to 193 K. 
Bridgman found that there is another high-pressure modification, Ga-Ill, very much 
like II in its thermodynamic properties, but totally unstable with respect to it 
(Bridgman 1935). Ga-Ill appears in place of Ga-11 phase by compressing liquid Ga 
and sometimes appears upon compression just below the L-I-H triple-point 
temperature. Points were obtained on both transition lines I-Il and I-Ill, and on the 
melting line L-III (Figure 4.2). The phase II has a higher melting temperature than 
the phase III. The determined triple points are (Bridgman 1935): 
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L-l-ll: P1.I9GPa,T=275.4K. 
L-1-II1: P = 1.25 GPa, T = 273.4 K. 
A later study on Ga that used volumetric and resistivity measurements as well 
as differential thermal analysis (DTA) (Jayaraman 1963) observed a break in slope of 
the melting curve of Ga near 318 K and 3.0 GPa. This led to the discovery of a new 
stable polymorph in Ga, Ga-Ill. Solid-solid phase boundaries were determined under 
pressure up to 7.5 GPa, and a phase diagram was constructed that is shown in Figure 
4.2, where the phase boundaries at low pressure agree with those proposed by 
(Bridgman 1935). The Ga-11-Ga-Ill transition is reported to be rapid and 
characterised by a substantial heat and drop in resistance. The Ga-Ill was also 
observed ,netasiabely in the stability region of Ga-11, in agreement with the 
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Figure 4.2 The P-T phase diagram of Ga (data from Bridgman 1935 and Jayaraman et al 
1963). The phase boundaries between stable phases are shown by solid lines. A metastable 
phase boundaries between Ga-I, Ga-Ill and liquid are shown by dashed lines. Dashed red 
arrows represent P-T paths to obtain metastable Ga-Ill, path (a) - (Vereshchagin et al 1965), 
path (b) - (Weir et al 1971, Bosio 1978). Solid red arrows represent the P-T path (c) 
(Bosio 1978) to obtain the stable Ga-11 phase. 
From the fact of the occasional solidification of Ga-Ill in the region of 
stability of Ga-11, it was suggested that the structure of the former may be rather 
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simple (Jayaraman et at 1963). This idea was proved correct by Vereshchagin et al 
(1965) in their diffraction studies. They showed from their powder diffraction data 
that Ga-Ill at 3 GPa and room temperature (RT) has a body-centered tetragonal 
structure of In-type, with two atoms in the unit cell (Vereshchagin et al 1965), space 
group 141rnmm, Pearson notation t12. The crystal structure of the t12 phase is shown 
in Figure 4.3, where the unit cell of the 1/2 structure is presented in the standard 
body-centered tetragonal setting, as well as in a face-centered tetragonal (fcu) setting. 
The fct setting, with aft., = ah,'J2 and c,1 = Chet, is useful for comparison with an fcc 
structure, as the In-type structure represents only a small tetragonal distortion of an 
fcc structure. Lattice parameters of the 1/2 phase, reported in the Jet setting, are a = 
3.96 A, c = 4.37 A, c/a = 1.104, at pressure 3.0 GPa and RT (Vereshchagin et al 
1965). Although the object of this study was to obtain and determine the structure of 
stable Ga-11, a metastable Ga-Ill phase has been obtained instead. The powder 
sample of Ga was prepared by grinding while cold and pressure was applied at a low 
temperature of about 253 K (Path (a) in Figure 4.2). According to (Bridgman 1935, 
Jayaraman et al 1963), the metastable Ga-Ill phase sometimes forms on pressure 
increase just below the triple point (Figure 4.2). 
Figure 4.3 The 1/2 crystal structure of Ga-Ill phase at 3 GPa and RT (metastable at this 
conditions): body-centered tetragonal with 2 atoms in the unit cell, with lattice parameters a 
= 2.80 A, c = 4.37 A (bet setting) (left). An alternative representation in a face-centered 
setting is also shown (right), with lattice parameters a = 3.96 A, c = 4.37 A (M setting) 
(Vereshchagin et al 1965). 
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A later single-crystal diffraction study (Weir et a! 1971) confirmed the 
structure of Ga-Ill to be t12 as reported by (Vereshchagin et al 1965). The metastable 
Ga-lit phase was obtained above 2.0 GPa by increasing pressure at room temperature 
(Path b in Figure 4.2). The lattice parameters, reported in a body-centered tetragonal 
setting, are a = 2.808 A and c = 4.458 A (Weir et al 1971). The pressure was not 
determined precisely, but was reported to be above 2.0 GPa. 
The crystal structure of Ga-11 was studied a few years later by single-crystal 
diffraction technique using a diamond anvil ccii and a Mo x-ray tube (Bosio 1978). 
First, pressure was increased at room temperature, and the metastable Ga-Ill was 
obtained from the liquid (Path b in Figure 4.2). The crystal structure of Ga-Ill was 
confirmed to be t12, as reported earlier in (Vereshchagin et at 1965, Weir et at t971). 
Lattice parameters, reported in the body-centered tetragonal setting, are a = 2.813(3) 
A and c = 4.452(5) A at 2.8 GPa and 298 K (Bosio 1978). 
a 
C 
Figure 4.4 Crystal structure of c12 proposed for the Ga-11 phase at 2.6 GPa and 313 K 
by Bosio 1978 (left), and the atomic coordination (right). 
By cooling down at about 3 GPa, Ga-Ill reverts to a new polycrystalline 
phase in temperature range 210-185 K, which is reported to be the Ga-It phase. The 
pressure was adjusted to a value tower than the triple point L-Gall-Galtl pressure 
and the sample was heated to the equilibrium L-lt phase boundary; the small crystals 
melted, and the temperature was gradually decreased so far that only one crystal of 
Ga-11 remained. About 30 reflections were observed for each crystal orientation. Ga-
ii is reported to have a body-centered-cubic cell with the lattice parameter a = 
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5.951(5) A at 2.6 GPa and 313K (Bosio 1978). The Ga-il structure has 12 atoms in 
the unit cell (c112), occupying position 12a (3/8 0 1/4) of the space group 14 3d. The 
crystal structure of c112 is shown in Figure 4.4 (left). Each atom in the c112 structure 
is surrounded by eight others at a distance d 1 (8) = 2.7833 A. An atomic coordination 
in the c112 structure of Ga-IT is shown in Figure 4.4 (right). 
A phase transition from Ga-TI to the stable Ga-Ill takes place on temperature 
increase at around 320 K at 3 GPa. This gives the difference in temperature of —120 
K for transitions between phases II and ifi on temperature decrease and temperature 
increase. The metastable phase boundary ifi-Il is shown in Figure 4.2. 
As can be seen from the literature data reported above, the phase behaviour of 
Ga on crystallisation under pressure is greatly complicated by the effect of 
metastability, where metastable Ga-Ill appears in the region of stability of Ga-11 
(Bridgman 1935, Jayaraman et al 1963, Bosio 1978). At ambient pressure, the 
molten Ga is also reported to crystallise into a metastable state, whereas several 
metastable phases have been found with different melting temperatures. Liquid Ga 
can be easily supercooled down to 257 K (Defrain and Epelbpin 1960), which gives a 
difference between melting and freezing temperatures of 46 K. Below this 
temperature, Ga crystallises not into the stable Ga-I, but into a metastable phase, 
known as fl-Ga (Defrain and Epelboin 1960). It was also found that fl-Ga is stable 
above 1.2 GPa at room temperature (Donohue 1982). The metastable boundary 
Liquid-fl-Ga on the phase diagram is shown in Figure 4.5. From the powder 
diffraction data an orthorhombic structure with a space group Cmca and 4 atoms in 
the unit cell (oC4) was proposed for /3-Ga (Donohue 1982). Later, the structure of /3-
Ga has been revised as monoclinic with a space group C21c and four atoms in the 
unit cell (mC4) (Bosio et al 1969). The lattice parameters and atomic positions are 
given in Table 4.1, the structure is shown in Figure 4.6. It was believed that fl-Ga is 
the same phase as Ga-TI, metastable at ambient pressure (Donohue 1982). After the 
structures of these phases were determined, it was clear that the fl-Ga and Ga-il were 
not the same phase. 
Another metastable phase of Ga, y-Ga, with a melting temperature of 237.4 K 
at normal pressure, has been prepared by crystallisation of small droplets of Ga 
(Donohue 1982) (Figure 4.5). The crystal structure of y-Ga has been reported from 
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single-crystal diffraction data as C-face centered orthorhombic with 40 atoms in the 
unit cell, oC40, space group Cmcm (Bosio et al 1972) (see Table 4.1 and Figure 4.6). 
It was thought that the y-Ga was the same phase as Ga-ill (Donohue 1982), and it 
became obvious that these phases are not the same, after the structures of these 






Figure 4.5 The P-T phase diagram of Ga (after Bosio 1970 and Bosio 1978). 
The phase boundaries between stable phases (solid lines) as well as 
metastable phases (dashed lines) are shown. 
Yet another phase of Ga, s-Ga, has been reported to form metastably at low 
temperature at normal pressure, with a melting temperature of 244.4 K (Bosio 1970), 
the structure of which is not reported (Table 4.1). The metastable phase boundary 
liquid-s-Ga is shown in the phase diagram in Figure 4.5. One more metastable phase 
has been found for Ga at normal pressure and low temperature, named 8-Ga, with a 
melting temperature of 253.6 K (Bosio 1970) (Figure 4.5). The crystal structure of 6-
Ga was reported to be hexagonal rhombohedral with 22 atoms in the unit cell, hR22 
(Bosio et a! 1973). The crystal structure of 6-Ga is shown in Figure 4.6. 
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Table 4.1 Summary of the metastable phases reported in Ga at ambient pressure 
and low temperature. 
Phase Melting Pearson Space Atomic positions Lattice Condition Reference 
temp. symbol group  parameters 
13-Ga 257 K mC4 C21c 4e (000) a = 2.766A At 248 K Bosio et al 1969 
b = 8.053 A 
c3.332A 
13= 92°2' 
'Ga 237.4 K o(40 Cmcm 4c (00.0009 ¼) a = 10.593A At 220 K Bosio et al 1972 
k (0 0.7853 	) b = 13.523A 
8f(0 0.3947 0.0) c = 5.203 A 
8g (0.2 794 0.05 04 ¼) 
8g (0.1256 0.2062 ¼) 
8g (0.2718 0.3612 ¼) 
&Ga 244.4 K -- -- -- -- -- Bosio 1970 
R3m Hex.axes Rhomb. axes At 191K Bosioetal 1973 6-Ga 2516K hR22 3a (0 0 0) a = 7.729 A Villars and 
)e(1/200) a=72°02 Calvert 1985 
18h positions: Hex. axes 
0.1735 0.8265 0.7804) a = 9.087 A 
0.101 0.8990 0.1771) c=17.02A 




Figure 4.6 Crystal structure of low-temperature metastable phases found in Ga: 13-Ga (left), 
'-Ga (middle) and 6-Ga (right). For structural data and literature references see Table 4.1 
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In the 1990's, Ga was studied to a pressure of 67 GPa (Schulte 1994, Schulte 
and Holzapfel 1997) with a diamond anvil cell and energy-dispersive x-ray 
diffraction (EDXD) techniques on a synchrotron, and some new phase transitions 
have been observed in this extended pressure range. The combination of the EDXD 
and the single-crystal nature of Ga-Ill (Weir et al 1971, Bosio 1978), did not allow to 
observe enough diffraction reflections on pressure increase (Schulte 1994, Schulte 
and Holzapfel 1997). On further pressure increase, at around 15 GPa and room 
temperature, Ga (it is unclear which phase of Ga) was reported to transform to the 
Ga-111 phase with t12 structure with an axial ratio of c/a = 1.57 (Schulte 1994, 
Schulte and Holzapfel 1997). This t12 structure is the same structure as reported for 
the metastable Ga-Ill at around 3 GPa (Vereshchagin et al 1965, Weir et al 1971, 
Bosio 1978). For the Ga-ill phase above 15 GPa, the c/a ratio of the t12 structure is 
reported to decrease with pressure and approach 42, which would correspond to the 
fcc structure. From an extrapolation of the axial ratio trend under pressure, a pressure 
for the transition from t12 to fcc was estimated as 75 GPa, although the actual 
transition was not observed (Schulte and Holzapfel 1997). Later, Ga-HI was shown 
to transform to the fcc structure (Ga-IV phase) at 120 GPa (Takemura et al 1998). 
The Ga-Ill phase observed above 15 GPa is believed to be the stable phase of Ga 
(Schulte and Holzapfel 1997, Takemura et al 1998). 
On pressure decrease, Ga-Ill transforms at 16 GPa to an intermediate phase, 
not reported before, assigned as Ga* (Schulte 1994) or as mixture of phases III, II 
and fl-Ga (Schulte and Holzapfel 1997) (pattern at 15.2 GPa in Figure 4.7). This 
phase then transforms at around 12 GPa to another phase with a complex diffraction 
pattern (pattern at 12.4 GPa in Figure 4.7). This was initially assigned as pure Ga-11 
(Schulte 1994) and later as a mixture of Ga-II and fl-Ga (Schulte and Holzapfel 
1997). However, these complex diffraction patterns could not be fitted with the c112 
structure (Schulte 1994), neither with the mixture of c112 structure and mC4 structure 
of fl-Ga (Schulte and Holzapfel 1997). The phase diagram constructed on these data 
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Figure 4.7 EDXD diffraction patterns of Ga, collected on pressure decrease 
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Figure 4.8 Phase diagram of Ga up to 80 GPa (from Schulte and Holzapfel 1997). 
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The most recent study on crystal structure of Ga under pressure (Comez et al 
2002) was performed up to 30 GPa with DAC and EDXD technique in combination 
with EXAFS using synchrotron radiation. This study (Comez et al 2002) reported no 
Bragg reflections below 5.7 GPa, which probably corresponded to the formation of a 
single-crystal of the metastable Ga-Ill phase from the liquid on pressure increase at 
room temperature (Weir et al 1971, Bosio 1978). At pressures between 5.7 and 17 
GPa, three diffraction peaks were observed, that were indexed on the basis of the 
c112 cell, and above 17 GPa several diffraction peaks were observed, that were 
indexed on the 112 cell (Comez et al 2002). The diffraction patterns above 17 GPa 
correspond to the stable Ga-Ill phase (Schulte and Holzapfel 1997, Takemura et al 
1998). However, the interpretation of the diffraction patterns below 17 GPa as c112 
structure (Comez et al 2002) gives far too small atomic volume if compared to the 
atomic volume of t12 structure at the same pressure: 14.17 A for c112 and 15.49 A 
for t12 structure at 17.0 GPa (see Figure 4.9). 
The volume-pressure dependence for Ga, known from literature, is shown in 
Figure 4.9. This includes P-V on stable and metastable Ga-HI with the t12 structure 
and one P-V point for Ga-IT with the c112 structure. From this figure, one can clearly 
see that the behaviour of Ga in the pressure range from 3 to 14.5 GPa is unknown. 
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Figure 4.9 Variation of Ga atomic volume with pressure, plotted from the literature data. 








Figure 4. 10 summarises the high-pressure behaviour of Ga established from 
literature data, illustrating what is known and what is unknown about Ga in the 
pressure range up to 20 GPa at room temperature. This summary raises several 
questions. I) What is the high-pressure behaviour of the metastable Ga-Ill phase, 
formed from liquid on pressure increase at room temperature (Figure 4. 10, left). 2) Is 
the c112 structure reported for Ga-11 correct? (Figure 4.10, right). 3) What is the 
behaviour of Ga-11 on pressure increase at room temperature? Does it transform 
directly into Ga-Ill on pressure increase? 4) What is the behaviour of Ga on pressure 
decrease from the stable Ga-Ill phase (Figure 4.10, right)? Is there really a mixture 
of two or three phases, meaning that Ga is not in an equilibrium state, and if so, how 
can we get Ga in equilibrium at these conditions? 5) is there a phase transition at 
12.5 GPa? 6) Can the complex diffraction patterns observed by (Schulte and 
l-lolzapfel 1997) on pressure decrease be fitted with a more complex structure than 
the proposed by (Bosio 1978) c112 structure? These questions provided the 
motivation for our study of Ga in the pressure range from 2 to 16 GPa. 
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Figure 4.10 Summary of high-pressure behaviour of Ga from literature data. 
Left: P-T diagram with the metastable Ga-Ill phase. 
Right: P-T diagram with the stable Ga-11 phase. 
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4.3 Results on phase transitions 
At ambient conditions, Ga powder sample exhibits the known orthorhombic 
oC8 structure of the Ga-I phase. The 2-d image and integrated pattern of the oC8 
phase are shown in Figure 4.11(a). The pattern is spotty, which is expected because 
of low-melting temperature (303 K). The oC8 patterns are entirely free from any 
contaminant. 
Pressure increase at room temperature 
When the pressure is increased at room temperature (RT), Ga-I transforms 
into the liquid phase at 0.5 GPa (Figure 4.11, b). At 2.5(1) GPa, liquid transforms to 
a single crystal of another phase that is expected to be the metastable Ga-ill phase 
from literature data (Jayaraman et al 1963, Weir et a! 1971, Bosio 1978). From the 
powder diffraction (Figure 4.11, c), crystal structure of the single-crystal of Ga-III 
can not be determined. 
Single-crystal data from the metastable Ga-ill phase at 2.5 and 4.0 GPa were 
collected on a Bruker diffractometer with SMART CCD detector with a Mo x-ray 
tube and at SRS Daresbury. The structure of Ga-ill, determined with SMART, 
GEMINI and SAINTPLUS computer programs, is indeed body-centered tetragonal 
with two atoms in the unit cell (t12), as reported earlier (Vereshchagin et al 1965, 
Weir et a! 1971, Bosio 1978). Lattice parameters of the t12 structure are a = 2.814(l) 
A, c = 4.456(2) A at 2.5(1) GPa and a = 2.798(1) A, c = 4.419(2) A at 4.0(1) GPa, 
which agree very well with the lattice parameters reported in the literature (Weir et a! 
1971, Bosio 1978). 
On further slow pressure increase, Ga-Ill persists as a single crystal up to 
pressures of 10.4(1) GPa. The pressure dependence of Ga-ill in this pressure range is 
studied for the first time in the present work. At 11.0(5) GPa, the single-crystal of 
Ga-Ill transforms to a powder of a new phase with an unknown structure (Figure 
4.12), hereafter named Ga-V ("Ga-IV" is already used for Gafcc phase stable above 
120 GPa (Takemura et al 1998)). No one was able to see the transformation from ifi 
to V on pressure increase before, as this requires the use of 2-d image powder and 
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single-crystal diffraction techniques, which have become available only recently to 
the Edinburgh High-Pressure Group. The Ga-V phase transforms back to the Ga-Ill 
phase at 14.3(1) GPa on pressure increase. This Ga-Ill phase is a good powder and is 
believed to be the stable Ga phase at room temperature at this pressure (Schulte and 
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Figure 4.11 2-d images and integrated powder diffraction profiles of Ga obtained on 
pressure increase at room temperature: (a) Ga-1 phase with oC8 structure at ambient 
pressure, (b) liquid phase, (c) single-crystal of the metastable Ga-Ill phase. The hkl 
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Figure 4.12 2-d image and integrated powder diffraction profile of Ga-V 
obtained on slow pressure increase at room temperature 
Figure 4.13 2-d images of Ga obtained on fast pressure increase at room temperature: 
single crystal of the metastable Ga-Ill (t12) phase at 4.4 GPa, 
poor powder of the metastable Ga-I!! (t12) phase at 11.7 GPa, 
good powder of the stable Ga-Ill (t12) phase at 14.0 GPa. 
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Sometimes, on fast pressure increase from the single-crystal of the metastable 
Ga-ifi phase at 3 GPa straight up to 10-11 GPa, the metastable Ga-ill is seen in the 
stability region of the Ga-V phase with a very textured powder pattern (Figure 4.13, 
a and b). This changes to a smooth powder pattern of the stable Ga-ill at 14-16 GPa 
(Figure 4.13, c). This change in the texture appears to be discontinuous, and can be 
interpreted as a phase transition within Ga-ill from its metastable to the stable form. 
Pressure decrease at room temperature 
On pressure decrease, the transition from Ga-Ill back to Ga-V is observed at 
13.8(1) GPa (Figure 4.14, a and b). We note that the diffraction pattern of the Ga-V 
phase is the same as that observed at 15.2 GPa on pressure decrease by (Schulte 
1994, Schulte and Holzapfel 1997) (compare to Figure 4.7). On further pressure 
decrease, at 10.0(1), Ga-V transforms to another phase with a complex diffraction 
pattern (Figure 4.14, c). The diffraction pattern of Ga collected at 9.5(1) GPa (Figure 
4.14, c) is very similar to that observed at 12.4 GPa on pressure decrease by (Schulte 
and Holzapfel 1997) (compare to Figure 4.7), while the diffraction pattern collected 
from the same phase at 3.0(1) GPa (Figure 4.14, d) is very similar to that observed at 
6.0 GPa on pressure decrease by (Schulte and Holzapfel 1997) (compare to Figure 
4.7). The patterns collected at 9.5 GPa and 3.0 GPa do not fit the c112 structure 
proposed by Bosio 1978 for the Ga-II phase (Schulte 1994, Schulte and Holzapfel 
1997). They do not fit the proposed mixture of c112 and fl-Ga (mC4) structures, 
either. Therefore, the phase with a complex diffraction pattern, observed in present 
work below 10.0 GPa on pressure decrease, is denoted here as Gall*,  which has an 
unknown structure. 
Thus, the observed behaviour of Ga on pressure increase at room temperature 
agrees with the available literature data on crystal structure up to 3 GPa (Weir et a! 
1971, Bosio 1978) and above 15 GPa (Schulte 1994, Schulte and Holzapfel 1997) 
and with the data on phase stability up to 7 GPa (Jayaraman et al 1963). The 
observed behaviour of Ga on pressure decrease also agrees with the literature data 
(Schulte 1994, Schulte and Holzapfel 1997). This work has confirmed all reported 
studies except the c112 structure, proposed by (Bosio 1978) for the Ga-111 phase. 
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Figure 4.14 Integrated powder diffraction profiles and corresponding 2-d images of Ga 
obtained on pressure decrease at room temperature: (a) stable Ga-Ill phase with t12 
structure, (b) Ga-V phase with unknown structure, (c-d) GaII*  phase with 
unknown structure. The hkl indexing is given for the Ga-HI structure at 15.6 GPa. 
Pressure increase with cooling 
The pressure in the diamond anvil cell with a Ga sample was increased to 3 
GPa along Path (b) in Figure 4.2, where the melted Ga crystallises into the 
metastable Ga-HI phase (see Figure 4.11, c), then the cell with the sample is cooled 
down with dry ice (193 K) for several hours. On warming up, a new complex 
diffraction pattern is obtained (Figure 4.15, a), indicating a phase transition from Ga-
In to another phase, that was expected to be the Ga-il phase. The pressure is 
measured at RT as 2.8(1) GPa. Although this phase was produced following the P-T 
path for obtaining Ga-11 (Paths b and c in Figure 4.2), the structure of the obtained 
phase appears to be more complex than the suggested c112 structure (Bosio 1978). 
Therefore we assume that we obtained the Ga-II phase, the structure of which is 
unknown and is more complex that the c112 structure. 
The cooling of a Ga-Ill phase down to 197-195 K was repeated with two 
other loadings, and similar complex patterns of Ga-TI were obtained (Figure 4.15, b 
and c). The obtained diffraction patterns of Ga-11 are extremely complex and 
severely affected by texture effects. This indicates that it is probably impossible to 
solve the structure of Ga-11 from powder diffraction patterns. Thus, single-crystal 
data was collected on Ga-11, to obtain a solution for the structure (section 4.4). 
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Figure 4.15 2-d images and integrated powder diffraction profiles of Ga collected at room 
temperature from a Ga-11 phase obtained in three different loadings by cooling the 
sample at 3 GPa down to 197-195 K. 
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On pressure increase, powder profiles of Ga-IT are observed up to a pressure 
of 10.4(1) GPa. Above this pressure, diffraction patterns of Ga-V are observed. The 
Ga-V phase transforms to Ga-TI with the t12 structure at 14.3(1) GPa on further 
pressure increase. On pressure decrease, the same phase transition sequence was 
observed as described earlier in Figure 4.14. 
Summary 
We have studied the phase behaviour of Ga in the pressure range from 0 to 16 
GPa, and established phase transition sequences on pressure increase and pressure 
decrease. These are summarised in Figure 4.16. 
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Figure 4.16 Phase transition sequences observed on (a) slow pressure increase at room 
temperature, (b) pressure increase at room temperature with a fast pressure change from 3 
GPa to 11 GPa, (c) slow pressure increase at room temperature, after cooling Ga-ifi at 3 GPa 
down to 200 K and obtaining the Ga-il phase, and (d) slow pressure decrease at room 
temperature. 
This study on phase transitions of Ga under pressure provides us with some 
answers to the questions indicated at the end of section 4.2. 1) The metastable Ga-III 
phase, formed from liquid on pressure increase at room temperature, transforms on 
pressure increase to a new phase, Ga-V, which appears to be the stable phase of Ga. 
Sometimes, Ga-ill is observed to exist metastably in the stability region of Ga-V. 2) 
Ga-IT phase obtained by following the P-T path proposed by (Bosio 1978) has a 
162 
complex structure, different from c11 2. 3) On pressure increase, Ga-11 transforms to 
the Ga-V phase, which then transforms to Ga-Ill at higher pressure. 4) On pressure 
decrease, Ga-Ill transforms to Ga-V. On further pressure decrease Ga-V transforms 
to a Gall* phase with a complex unknown structure. These results are summaries in 
the P-T phase diagram of Ga (Figure 4.17, right), which is compared with the 
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Figure 4.17 P-T phase diagrams of Ga showing (left) the behaviour of Ga known prior to the 
present study, and (right) phase transitions and boundaries established in the present study. 
In the right diagram, red arrows represent the P-T paths followed, and the question marks 
refer to the crystal structures of the observed phases. 
The crystal structures of the phases Ga-11, GaIl*  and Ga-V are unknown, and 
are to be solved. It is important to find out whether Ga-11 and GalI*  have the same 
structure. In what follows, we report the structure solution for the phases Ga-11, Ga-
11* and Ga-V. 
4.4 Structure solution of Ga-11. 
The diffraction pattern of Ga-11 in Figure 4.15 (c) displays the least amount of 
diffracted intensity, and this means that the sample may contain only a few crystals 
of the Ga-11 phase. This sample was put on a single-crystal diffractometer. 
Single-crystal data were collected at SRS Daresbury, station 9.8, with a 
Bruker diffractometer and SMART CCD detector, and a wavelength of 0.4765 A. 
This single-crystal of Ga-11 gives sharp diffraction reflections with a FWHM of (0 
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=0.50 . An RLATT image of the reciprocal space from this sample is shown along 
two different directions in Figure 4.18 (a and b). 
(a) (b) 
Figure 4.18 RLATT image from the single-crystal data collected on a single-crystal sample, 
obtained by cooling metastable Ga-Ill down to 193 K at 2.8 GPa: (a) along the c-axis, and 
(b) perpendicular to the c-axis. The distance in reciprocal space is measured between the 
diffraction spots, which is indicated by solid lines, and corresponding reciprocal lattice 
parameters are given. 
Analysis of the RLATT image (Figure 4.18, a) reveals a C-face centered cell 
with one long unit cell of the order of 35 A (Figure 4.18, b). The data indexing, 
determined with the program GEMINI, gives a C-face centered orthorhombic cell 
with lattice parameters a = 5.976 A, b = 8.576 A and c = 35.758 A at 2.8(1) GPa and 
RT. This gives the cell volume Of Vceii = 1832.6 A. The atomic volume of Ga-11 is 
expected to be almost the same as that of Ga-Ill at the same pressure, as the 11-I11 
transition line on the P-T diagram has an almost zero slope (AT/AP) at this pressure. 
Therefore, the atomic volume of Ga-11 can be estimated as V at = 17.6 A3 , from the 
value of atomic volume of the Ga-Ill phase, metastable at 2.8 GPa and RT. This 
gives us an estimation of the number of atoms in the C-face centered orthorhombic 
unit cell of Ga-Il to be Vceii/Vat = 104 (Pearson notation oClO4). 
The indexing of the oClO4 structure is shown on the raw CCD image in 
Figure 4.19, with the lattice parameters given above. 
In fact, there were three crystallites of Ga-11 in this sample in the diamond 
pressure cell. The reflections from all three crystallites were present in the data and 
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can be seen in Figure 4.20. The RLATT software allowed us to index each of the 
crystallites separately. The reflection indexing for all three crystallites gave the same 
lattice parameters. 
4. 
Figure 4.19 A part of a CCD detector frame collected from a Ga-11 
single crystal at 2.8 GPa and RT. uk1 reflection indices are given. 
Powder rings are from the pressure-cell gasket and beryllium backing discs. 
The orientation of reciprocal lattice axes is shown. 
I S 
, 
Figure 4.20 RLATT image of the reciprocal space for a Ga-il sample 
containing 3 crystallites, that are indicated by different colours. 
For further data analysis, the largest of the three crystallites of Ga-11 was 
chosen. Using the program SA[NTPLUS in the Bruker SMART software package, 
919 reflections were collected to a resolution of 0.6 A. These were averaged to give 
418 unique reflections. The program SADABS (chapter 2) was used to perform an 
absorption correction. The systematic absences of the integrated reflections, analysed 
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with the program XPREP, and the reflection conditions were determined as h+k = 2n 
for hkl and 1= 2n for 001. This allowed the space group to be determined uniquely as 
C222 1 , No. 20 in the (International Tables for Crystallography 1983). 
Ab initio structure solution using the programs SHELXS yields a structure 
with 104 atoms occupying 14 independent 4-fold and 8-fold sites. The structure 
refinement was performed with the program SHELXL, and the final fit gives R = 
5.3% for the 409 unique data with F > 4 a(F) and a goodness-of-fit x2  of 1.170. The 
refined atomic coordinates are given in Table 4.2, together with the refined lattice 
parameters. The largest residual density in the Fourier difference map is 
1.3 eiA3 , and deletion of one of the Ga atoms in the refinement results in a 
difference peak of —11 e-/A3.  This confirms that no atoms have been omitted by the 
104-atom solution. 
Table 4.2 Refined atomic coordinates of Ga-11 (oC104) at 2.8(1)GPa and RT in space group 
C222 1 . Gal occupies a 4-fold 4b site (x, 0, 0), Ga12 occupies a 4-fold 4a site (0, y, ¼), and 
other atoms occupy 8-fold 8c sites (x, y, z). The refined lattice parameters are 
a = 5.9762(7) A, b = 8.576(1) A, c = 35.758(3) A. 
Atom Site Atomic coordinates (x10 4) 
x y z 
Gal 4b 5000 1802(9) 2500 
Ga2 8c 6956(9) 4684(7) 2716(2) 
Ga3 8c 5804(9) 7858(8) 2861(2) 
Ga4 8c 2772(9) 5622(7) 308 1(2) 
GaS 8c -341(7) 7809(6) 3292(2) 
Ga6 8c 8482(8) 4567(6) 3430(2) 
Ga7 8c 5632(9) 6919(6) 3666(2) 
Ga8 8c 2324(8) 4838(7) 3851(2) 
Ga9 8c 6129(10) 2914(7) 4003(2) 
GalO 8c 8276(10) 5660(7) 4250(2) 
Gall 8c -30(9) 2613(7) 4435(2) 
Ga12 4a 2460(9) 0 5000 
Ga13 8c 1052(10) 3090(7) 5170(2) 
Ga14 8c 3574(8) 5518(7) 5409(2) 
The oC104 structure of Ga-TI is shown in Figure 4.21 projected down the a, b 
and c axes. This is a remarkably complex atomic arrangement. The distribution of 
interatomic distances for Ga-IT is plotted in Figure 4.22. From this figure, we can see 
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that the first and the second coordination shells are divided by a minimum in the 
distribution of interatomic distances at 3.3 A. Each atom in Ga-il is surround by 10 
others at distances between 2.65 and 3.3 A. For comparison, the nearest-neighbour 
distances in Ga-Ill at 2.8GPa are 2.81 A (4 contacts) and 2.99 A (8 contacts). 
CL 
b 
Figure 4.21 Crystal structure of Ga-11 at 2.8 GPa and RT as view the a, band c axes of the 
orthorhombic C222 1  unit cell. Bonds are shown between atoms whose interatomic spacing 
is between 2.65 and 3.3 A. 
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Figure 4.22 Plot of distribution of interatomic distances in the oC104 structure of 
Ga-H at 2.8 GPa and RT. The first and the second coordination shells are marked. 
We have produced additional Ga-11 crystals by the same method, following 
the P-T path proposed by Bosio 1978 (Paths b and c in Figure 4.2), with the cooling 
carried out at various pressures in the range 2.6-4.5 GPa. The data from another 
single-crystal sample produced this way gives the same atomic positions as listed in 
Table 4.2 within 3cr. 
The question arises as to how the solution of Ga-IT as the oC104 structure 
may be reconciled with the different and much simpler c112 structure obtained by 
Bosio (Bosio 1978). Figure 4.23 shows the lkl and 2k1 reciprocal lattice layers for 
the oC104 structure from our single-crystal Ga-Il at 2.8 GPa. The relative reflection 
intensities are represented by the size of spots used to plot each reflection. It can be 
seen that the intensities of the oC104 structure are strongly modulated along the / 
axis. The groups of 2 or 3 strong reflections do indeed lie on an approximately cubic 
face-centered reciprocal lattice (Figure 4.23). We have found that the clusters of 
strong reflections can be indexed on a body-centered monoclinic cell with a = 5.951 
A, b = 5.939 A, c = 5.944 A, and a = 91.7°. A layer of the reciprocal lattice for this 
body-centered monoclinic cell is shown in Figure 4.23 overlaid with the reciprocal 
lattice reflections of the oC104 structure. The spacing of reciprocal-lattice layers is 
the same in both structures. 
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Figure 4.23 Schematic view of the reciprocal lattice layers lkl and 2k1 of the oClO4 structure 
from our single-crystal data. The spot sizes and overlaid square net are discussed in the text. 
Some plausible indexing of group of the oC104 reflections are shown. (Some group like 
1 T 2 and 22 2 were obscured in data collection.) The orientations of reciprocal lattice axes 
are shown. 
The obtained body-centered monoclinic cell is very close to the body-
centered cubic c112 cell proposed by Bosio 1978, with a = 5.951 A at 2.6 GPa. The 
data collection techniques available to Bosio in 1978, which were a Mo x-ray tube 
and a diamond anvil cell, probably gave a high background which contaminated the 
data. These would almost certainly have not detected the large number of weak and 
very weak reflections, nor resolved the closely spaced adjacent strong reflections 
shown in Figure 4.23. The apparent systematic absences in this pseudo-indexing of 
the data are as reported by Bosio 1978 - namely 110, 200, 222, 330, 411 and 
symmetry related reflections, several of which are shown in Figure 4.23. Thus, it 
appears that (Bosio 1978) very probably obtained the same complex phase, and that 
the oC104 structure is consistent with his data. 
According to (Bridgman 1935, Jayaraman et al 1963), the Ga-11 phase can be 
also obtained from Ga-I on pressure increase at low temperatures, avoiding the liquid 
169 
phase. We therefore have obtained Ga-IT following the P-T path described below. 
Ga-I was compressed to 0.5 GPa into the liquid phase, then cooled down to 253 K 
into Ga-I, and compressed into Ga-il while cold. When warmed up to RT, the sample 
was a single-crystal of Ga-11, giving sharp reflections with FWHIVI of CO = 0.50 . 
Indexing of the single-crystal data collected with the SMART diffractometer gave 
the same C-face centered orthorhombic unit cell, with the same intensity distribution, 
as reported for Ga-il in Figure 4.23. The refined lattice parameters are a = 5.8945(4) 
A, b = 8.4517(9) A, c = 35.039(6) A at 5.6(1) GPa and RT. Thus, we showed that the 
P-T path reported by (Bridgman 1935, Jayaraman et a! 1963) for obtaining the Ga-H 
phase, indeed results in a phase with the oC104 structure. 
We then investigated what crystal structure give the complex diffraction 
patterns of the phase assigned as Gall*,  obtained on pressure decrease in our work 
(see Figure 4.14). The pressure in the sample that showed complex diffraction 
patterns of Gall* on pressure decrease, was decreased further down to 2.0 GPa, just 
above the melting pressure at RT. The sample annealed into a single crystal, and 
single-crystal data was indexed on the same oC104 cell with lattice parameters a = 
6.01(1) A, b = 8.62(1) A and c = 36.00(7) A at 2.0 GPa. The data has the same 
intensity distribution as obtained for a single-crystal of Ga-H, which is shown in 
Figure 4.23. 
Powder diffraction patterns for GaII*  obtained on pressure decrease (see 
Figure 4.14) can then be fully indexed on the oC104 unit cell. The pattern of G a il* 
at 3.0 GPa was indexed on an orthorhombic cell with lattice parameters a = 5.966 A, 
8.557,k, c = 35.615 A. 
We also attempted a Lebail fit of a GaII*  powder pattern on the basis of the 
oC104 cell. The problem is that the weak reflections predicted by the structure, 
which do not appear in the observed powder pattern, are still fitted to the profile. 
This did not give a good fit. To overcome this problem, weak reflections were 
deleted from the list of reflections and the pattern was fitted with the program 
MPROF on the basis of reflections with medium-strong and strong intensities. A 
Lebail fit, performed with a list of reflections containing only reflections with 
intensities greater than 10% of the strongest reflection, is shown in Figure 4.24. 
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Therefore, we have shown, that the complex powder patterns obtained on 
pressure decrease, and initially assigned as Gail*,  indeed correspond to the pure Ga-
ll phase, and its structure is oC104. We also conclude that the complex diffraction 
patterns of Ga reported by (Schulte 1994, Schulte and Holzapfel 1997) on pressure 
decrease at 12.4 and 6.0 GPa (Figure 4.7) are indeed from a pure Ga-il phase with 
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Figure 4.24 A Lebail fit to a powder profile of Gall* at 3.0 GPa with the oC104 structure 
with the lattice parameters a = 5.966 A, b = 8.557 A, c = 35.615 A. The list of reflections 
contains only reflections with intensities higher than 10% of the strongest reflection. 
The tick marks show the positions of these reflections. The inset shows an 
expanded region of the pattern with the hkl indices of some intense reflections. 
Summary 
In this section, we have shown that Ga-II obtained following the P-T path 
proposed by Bosio 1978 (Path 1 in Figure 4.25) has a complex oC104 structure, and 
not the c112 structure proposed earlier. We also have demonstrated that the Ga-il 
phase obtained from Ga-I at low temperatures (Path 2 in Figure 4.25, right) has the 
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same oC104 structure. Thus, we showed that the P-T path reported by (Bridgman 
1935, Jayaraman et a! 1963) for obtaining the Ga-il phase (Path 2 in Figure 4.25, 
left) indeed results in a phase with the oC104 structure. The Gail*  phase obtained 
on pressure decrease from pressures higher than 15 GPa (Path 3 in Figure 4.25, right) 
is shown to have the same oC104 structure, and is therefore the same as the Ga-il 
phase. From this we also conclude that the complex diffraction patterns of Ga 
reported by (Schulte 1994, Schulte and Holzapfel 1997) on pressure decrease at 12.4 
and 6.0 GPa (Figure 4.7) are indeed from a pure Ga-II phase with the oC104 
structure. 
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Figure 4.25 (Left) Ga phase diagram showing P-T paths reported in the literature to produce 
Ga-11 and GaII*  phases. Path 1 produces Ga-TI with the c112 structure (Bosio 1978). Path 2 
produces Ga-TI phase, structure was not reported (Bridgman 1935, Jayaraman et al 1963). 
Path 3 produces Gall* phase with a complex structure (Schulte and Holzapfel 1997). 
(Right) Ga phase diagram showing the actual P-T paths followed in the present study 
to sort out the question marks from the phase diagram on the left. 
4.5 Interpretation of Ga-11 structure 
The remarkably complex oC104 structure of Ga-IT will be now discussed, and 
its atomic arrangement will be compared with the known crystal structures of Cs-ffl 
and Rb-111. The space group of the Ga-TI structure (C2221) appears to be the same as 
recently reported structures of high-pressure phases of Cs-ill (McMahon et a! 2001a) 
and Rb-Ill (Nelmes et al 2002). Furthermore, the b/a axial ratio in Ga-11 (1.434) is 
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very similar to that in Cs-Ell (1.435) and Rb-ill (1.425) (McMahon et a! 2001a, 
Nelmes et al 2002). 
As described in Chapter 1, the crystal structures of Rb-ill and Cs-ill are C-
face centered orthorhombic with 52 and 84 atoms in the unit cell, respectively. The 
structural details of the oC52 structure of Rb-Ill and the oC84 structure of Cs-Ell are 
presented in Table 4.3, as reported in Refs. (McMahon et a! 2001a, Nelmes et a! 
2002). The number of nearest neighbours in these structures varies from 8 to 11 
giving an average coordination close to 10, both in Rb-ill and Cs-ill. 
Table 4.3. Refined atomic coordinates of Rb-Ill at 14.3 GPa and Cs-ill at 4.3 GPa in space 
group C222 1 (Nelmes et a! 2002, McMahon et al 2001a). Lattice parameters of Rb-Ell at 14.3 
GPa are a = 7.886(2) A, b = 11.240(2) A and c = 18.43 1(2) A (Nelmes eta! 2002). The 
lattice parameters of Cs-Ill at 4.3 GPa are a = 9.2718(1) A, b = 13.3013(3) A and c = 
34.2025(7) A (McMahon et a! 2001a). The number of nearest-neighbour (n-n) interatomic 
distances is given for each atom in the range 3.17-4.1 A for Rb-il! and 3.624.7 A for Cs-ffl. 
Atom Site Atomic coordinates (x10 4) No. of n-n 
x y z contacts 
Rb! 4b 0 745(15) 2500 10 
Rb2 8c 1955(30) 3517(19) 2699(6) 10 
Rb3 8c 1219(31) 6273(17) 3186(7) 8 
Rb4 8c 9873(19) 4196(10) 4287(6) 10 
Rb5 8c 5805(23) 3931(12) 3871(6) 11 
Rb6 8c 3602(21) 6308(9) 4639(8) 10 
Rb7 8c 7442(34) 6753(23) 4139(8) 11 
Atom Site Atomic coordinates (x104) No. of n-n 
x y contacts 
z 
Csl 4b 0 3288(13) 2500 10 
Cs2 8c 2091(12) 6027(10) 2589(2) 10 
Cs3 8c 1116(13) 8727(14) 2935(3) 8 
Cs4 8c 9649(10) 6552(10) 3552(3) 10 
Cs5 8c 5499(10) 6366(10) 3374(2) 10 
Cs6 8c 3425(12) 8736(13) 3830(3) 8 
Cs7 8c 7381(9) 9156(10) 3507(3) 10 
Cs8 8c 7231(9) 5851(8) 4526(2) 11 
Cs9 8c 759(10) 3703(10) 4746(2) 10 
CslO 8c 3136(10) 6204(10) 4329(2) 11 
Csll 8c 4791(10) 3320(9) 4482(3) 11 
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The crystal structures of Rb-Ill and Cs-HI are shown in Figure 4.26 in 
projection along the a-axis. As can be seen from the Table 4.3, the coordinates of 
Rb-ffl atoms are close to those of Cs! to Cs7 except that the y coordinates differ by 
about 1/4•  Therefore, to facilitate the comparison of Rb-ill structure with the Cs-Ill 
structures, Rb-Ill is drawn with a non-standard origin on a 2 1 screw axis along a, 
which differs from the standard origin on a 2-fold axis along a by ¼ in y. 
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Figure 4.26 Crystal structure of Rb-Ill and Cs-Ill, on the same scale, viewed along the a-axis 
of the C222 1 unit cell. Rb-Ill is drawn with a non-standard origin on a 2 1 screw axis along a 
to facilitate the comparison with Cs-Ill, which is drawn with the standard origin on a two- 
fold axis. The 8- and 10-atom a-b layers in the two structures are numbered. Non-equivalent 
8-atom layers in Cs-Ill are in two different shades of grey. Contact distances of up to 4.1 A 
for Rb-Ill and 4.7 A for Cs-III are shown as solid lines. (from Nelmes et al 2002) 
The Rb-Ill and Cs-Ill structures have been interpreted (Nelmes et al 2002) as 
a stacking of 8- and 10-atom layers along the c-axis, as illustrated in Figures 4.26 and 
4.27. Cs-Ill has ten layers: two symmetry-related 10-atom layers (shown in black), 
and two different sets of four symmetry-related 8-atom layers (identified using 
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different shades of grey). Rb-Ill has six layers: two 10-atom layers but only one set 
of four 8-atom layers. It is apparent that the arrangement of atoms in layers 1, 2, 3 
and 4 of Rb-Ill is similar to that in layers 2, 3, 4 and 5 of Cs-111 (Figures 4.26 and 
4.27). Rb-Ill structure can be obtained from that of Cs-ill by removing the light-grey 
8-atom layers and shifting each alternate remaining 841048-atom block by ½ in y. 
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Figure 4.27 The a-b layers 2, 3, and 4 of Rb-HI (left) and 3, 4, and 5 of Cs-Ill (right) shown 
on the same scale and viewed down the c-axis. The unit cells are marked. The origins used 
and contact distances marked by solid lines are the same as in Figure 4.26. Dotted lines in 
the 10-atom layers show next-nearest neighbour contact distances in the range 4.1 - 4.4 A 
(Rb-Ill) and 4.7 - 5.0 A (Cs-Ill) (from Nelmes et al 2002) 
The remarkable similarity between the a-b layers of the two structures is 
apparent in Figure 4.27 (Nelmes et al 2002). As seen in projection, the 8-atom layers 
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all have chains of slightly distorted squares and chains of triangles, inclined at about 
+350 or 350  to the b-axis. The 10-atom layers in the two structures are also very 
similar, but more complex. If the next-nearest neighbour contacts are considered 
(dashed lines in Figure 4.27) together with the nearest neighbour contacts (solid lines 
in Figure 4.27), then chains of squares and triangles similar to, but considerably more 
distorted than, those in the 8-atom layers can be discerned. These chains are inclined 
at about +35° and —35 ° to the b-axis in the same layer. These (far from planar) layers 
might be understood as an amalgam of the structural motifs of the two adjacent 8-
atom layers. 
Figures 4.26 and 4.27 reveal that although layers 4 and 5 of Cs-HI are not 
symmetry related, they are only slightly distorted from being related by the same 
operators as between layers 5 and 6 but displaced by 'Ain y (Nelmes et al 2002). The 
same pseudo-symmetry relates layers 1 and 2 in Cs-ill. These pseudosymmetry 
operators become the true symmetry between layers 3 and 4 (and between layer 1 
and layer 6 of the adjacent unit cell) in Rb-Ill. 
To summarise, the Rb-Ill and Cs-Ill structures can be interpreted as a 
stacking of 8- and 10-atom layers along the c-axis of an orthorhombic cell, with the 
stacking sequence 8-10-8-8-10-8 in Rb-Ill and 8-8-10-8-8-8-8-10-8-8 in Cs-111 
(Nelmes et al 2002). Now, the structure of Ga-11 will be compared with the structures 
of Rb-Ill and Cs-Ill. 
By looking at the projection of the Ga-11 structure along the a-axis, no layers 
similar to those found in Rb-Ill and Cs-Ill are apparent. However, the atoms in Ga-11 
can be divided in very similar, but much distorted, 8- and 10-atom layers, as shown 
in Figures 4.28 and 4.29, but with an additional set of 10-atom layers (such as No. 7 
in Figures 4.28 and 4.29). 
Inspection of Figure 4.29 shows that the 10-atom layer No. 7 of Ga-H has 
essentially the same arrangement as its Cs-ill-like layers No. 4, but rotated 90 ° 
around the c-axis and then compressed along a and stretched along b. 
Thus, the Ga-H structure can be understood as a stacking of distorted 8- and 
























Figure 4.28 Crystal structure of Ga-11 and Cs-Ill on the same scale viewed along the a-axis 
of the C222 1 unit cell. The origin of the Ga-II cell is shifted by —1/8 along the b-axis and by 
½ along the a-axis from the standard space group origin (see text). The 8- and 10- atom a - b 
layers in the two structures are numbered. Non-equivalent 8-atom layers are in two different 
shades of light grey. The 10-atom layers common to Ga-11 and Cs-ill are shown in black. 
The 10-atom layers No. 1 and 7, peculiar to Ga-11, are shown in dark grey. Contact distances 
up to 3.3 A for Ga-11 and 4.7 A for Cs-Ill are shown as solid lines. 
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Figure 4.29 The a - b layers 4, 5, 6 and 7 of Ga-11 and the layers 3, 4 and 5 of Cs-ffl viewed 
down the c-axis. The layers are shown the same size for clarity. Unit cells are marked by 
solid lines. The origins used and contact distances marked by solid lines are as in Figure 
4.28. Dashed lines show longer nearest-neighbour contact distances in the range 
3.3 - 3.6 A for Ga-11 and 4.7 - 5.0 A for Cs-Ill. 
The characteristics of the crystal structures of Cs-ill, Rb-ill and Ga-il are 
shown and compared in Table 4.4 
Table 4.4 Structural characteristics of the Cs-Ill, Rb-Ill and Ga-H phases. 
Phase Rb-Ill, oC52 Cs-Ill, oC84 Ga-11, oC104 
pressure at 14.3 GPa at 4.3 GPa at 2.9 GPa 
Reference (Nelmes et al 2002) (McMahon et al 2001 a) present work 
Space group C222 1 C222, C222 1 
Lattice parameters 
o 
a = 7.886 a = 9.2718 a = 5.987 
(A) b=l1.240 b=l3.3013 b=8.587 
c=l8.431 c=34.2025 c=35.78 
Atomic volume 31.41 50.22 17.69 
(A)  
Number of atoms in 52 84 104 
the unit cell  
axial ratios c/a = 2.337 c/a = 3.689 cIa = 5.976 
b/a = 1.4253 b/a = 1.4346 b/a = 1.4343 
number of layers 6 10 12 
178 
4.6 Interpretation of Li-c116 structure 
In previous section we reviewed the complex structures of Cs-HI (oC84) and 
Rb-111 (oC52), that enabled us to interpret the structure of Ga-11 (oC104). The alkali 
elements Rb and Cs transform to these complex structures under pressure from bcc 
andfcc structures. At the transition from fcc to the layer stacking structures oC84 and 
oC52, the symmetry of the structure is lowered from cubic to orthorhombic, the 
coordination number decreases from 12 down to 10, and therefore the packing 
density of the structure decreases. These crystal structure transitions are associated 
with a change in electronic structure of the elements Rb and Cs. Being squeezed to 
35-45% of their initial volume, atoms experience changes in the band structure, so-
called s to d electron transfer (Sternheimer 1950, McMahan 1984). The lighter alkali 
elements Li and Na experience similar changes in electronic structure under pressure. 
As there are no d electrons in Li and Na, a transition from s— to p—like orbital 
character is believed to take place on compression (Boettger and Trickey 1985). The 
recently discovered structural transitions under high pressure in Li and Na from the 
fcc structure to a complex structure with a lower symmetry, c116, (Hanfland et al 
2000a) correlates with this theoretical picture of the s-p orbital hybridisation. 
Thus, the theoretical picture suggests a similarity in electronic structure 
changes under pressure between light alkali metals Li and Na and heavy alkali metals 
Cs and Rb (Hanfland et a! 2000a). However, there is no link between the crystal 
structure c116 found in Li and Na and complex layer stacking structures of Rb-Ell 
and Cs-Ill. 
In following we will describe the crystal structure c116 as reported for Li in 
Ref. (Hanfland et at 2000a), and give our interpretation of this structure as stacking 
of 8-atom layers similar to the layers in Rb-Ill and Cs-111. Then, the comparison of 
the Li-c116 structure with the complex structure of Ga-111 will be given. 
Under pressure Li transforms from the ambient pressure bcc phase to an fcc 
phase at 7.5 GPa, which then transforms at 39 GPa through an intermediate 
rhombohedral phase into a cubic phase with 16 atoms in the unit cell (Pearson 
notation c116) (Hanfland et at 2000a). The c116 phase is stable between 42 and 64 
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GPa, where it transforms to another complex phase, the structure of which has not 
yet been reported (Hanfland et al 2000a,b). The lattice parameter of Li-c116 is 5.27 16 
A at 45 GPa. Li-c/I 6 has space group 143d with atoms occupying the 16c position 
(x,x,x) with x = 0.05 at 45 GPa. The atomic parameter x varies slightly with pressure 
from 0.045 and 0.06, showing a tendency to increase. With x = 0.0, the c/I 6 structure 
becomes a bee structure. Thus, the c/I 6 structure can be considered as a supercell of 
bee. Figure 4.30 shows the crystal structure of Li-c/I 6 as it was published in Ref. 
(Hanfland et a! 2000a). The structure can be viewed as two interpenetrating 3-
connected nets, as indicated by different colours of the thick lines in Figure 4.30. An 
alternative interpretation is in terms of a framework of distorted Li 8 dodecahedra, as 
shown in Figure 4.30. 
Figure 4.30 Crystal structure of Li-cl! 6 at 45 GPa. The shortest interatomic distances (2.1 A) 
are indicated by thick lines. The thinner lines connect equidistant atoms on chains running 
parallel to the four differently orientated body diagonals of the cubic lattice. Two 
interpenetrating 3-connected nets are indicated by different colours. One of the 
L1 8 polyhedra is indicated by shading. (From Hanfland et al 2000a). 
Analysing the Li-c/I 6 structure we have noticed that this structure consists of 
8-atom layers stacked along the [I 10] direction (Figure 4.3 1, left). One of the 8-atom 
layers is shown in Figure 4.31 (right) viewed in projection down the [110] direction. 
As said in (Hanfland et al 2000a), the c/I 6 structure can be viewed as a 
simple distortion of a body-centered cubic (c/2) structure, where the Li-c/16 
structure is a 2x2x2 superstructure of bee with atoms in the 1 6c position (x,x,x) 
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displaced along the body-diagonal from x = 0.0 to 0.05. Figure 4.32 shows eight bcc 
cells and a bcc (110)-layer in projection along the [I 10] direction. 
Li-c/16 (7. [110] layer 
: 
Figure 4.31 (left) Crystal structure of Li-c/16 viewed down the u-axis. (right) An 8-atom 
layer of the Li-c116 structure viewed down the [110] direction of the cubic cell. 
bce 
[110] layer 
Figure 4.32 (left) Eight bcc cells structure representing a c116 structure with x = 0.0. 
(Right) A (110)-layer formed by bcc cell, viewed along the [110] direction. 
From the comparison of the (11 0)-layer of the c11 6 structure (Figure 4.31) 
and the (110)-layer formed by several bcc structures (Figure 4.32), it is clear how the 
former is formed from the latter by simple atom shifts. This formation of the c116 





Figure 4.33 A (110) layer of a body-centered cubic structure. The arrows show the shifts of 
atoms from bcc positions to those realised in Li-c116 structure. The (x,x,x) atom is shifted 
from x = 0.0 to 0.05 along the body diagonal of the Li-cll6 structure. The shifts of all 
the other atoms are generated by symmetry operators of the 14 3d space group. 
The d16 (I 10)-layers are very similar to the 8-atom layers found in Rb-Ill 
and Cs-Ill. The chains of squares and triangles in the 8-atom layers of Li-c/16 are 
inclined at about +35° or —35 0 to the [110]-direction. The angle of —35 ° originates 
from the bcc structure, where the angle between the planes (I 10) and (I 11) equals to 
arctg(1/42) = 35.26. This angle does not change upon the distortion of bcc towards 
the c116 structure (Figure 4.33). 
Thus, we understand the 8-atom layers in Li-c116 structure as a distortion of 
the bcc (110) - layers. Therefore, the 8-atom layers, found in Rb-Ill and Cs-Ill 
structures, can be understood in a similar way. The Rb-Ill structure with its 52 atoms 
in the unit cell can be considered (V. Degtyareva 2003) as a 2x2I2x3J2 supercell of 
bce (which contains 48 atoms) with four additional atoms inserted. The Cs-Ill 
structure with its 84 atoms in the unit cell is a 2x2"12x5'12 supercell of bce (which 
contains 80 atoms) with four additional atom inserted. These four additional atoms 
inserted in the bce supercell can be viewed as atoms added to 8-atom layers to form 
the two 10-atom layers found in the unit cell of Rb-111, as well as Cs-Ill. This is 
illustrated in the Figure 4.34 on example of a 10-atom layer in Cs-Ill. 
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Figure 4.34 A 10-atom a b layer No. 10 of Cs-Ill viewed along the c-axis. 
Two atoms are chosen and crossed out to show that the remaining 8 atoms in 
this layer form a distorted net similar to the 8-atom layers found in Cs-Ill. 
If the structure of Li-cII 6 is viewed along the a-axis, with the origin of the 
cell shifted by '/4 along the a-axis from the standard origin, as shown in Figure 4.35 
(left), it has a striking resemblance to the atomic arrangement of the Cs-Ill structure 
(Figure 4.35, middle). In fact, the atomic arrangement in layers 1-4 and its stacking 
along the [11 0]-direction in Li-cIl 6 are almost identical to those of layers 1-4 and 6-
9 in Cs-Ill. The difference is in a slight shift of Cs atoms from the ideal c116 
positions, which is allowed by the lower orthorhombic symmetry. The symmetry 
operators in the Cs-Ill structure include two-fold axes and two-fold screw axes 
perpendicular to the plane of structure projection, as shown in Figure 4.35 (middle) 
by solid symbols. These symmetry operators relate the layers 2 and (as well as 7 and 
8) in Cs-Ill. The same operators are also present in Li-c116 structure as shown in 
Figure 4.35 (left). As discussed in the paper by (Nelmes et al 2002), the layers 1 and 
2 in Cs-Ill structure are not symmetry related, but only slightly distorted from being 
related by the same symmetry operators as between layers 2 and 3 but displaced by 
¼ in y. These pseudosymmetry operators are shown in Figure 4.35 (middle) by open 
symbols. These operators become true symmetry operators in the Li-c116 structure 
(Figure 4.35, left). In the structure of Rb-Ill, shown in Figure 4.35 (right), the layers 
1 and 2 are very similar to the layers I and 2 in Li-c116. These layers in Rb-Ill are 
related to each other by true symmetry operators, as indicated in Figure 4.35 (right) 
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Figure 4.35 (Left) Crystal structure of Li-c116 viewed along the a-axis of the I-43d 
unit cell. The origin of the cell is shifted by ¼ along the a-axis from the standard space 
group origin, to facilitate the comparison with the Cs-HI structure. Cs-ill (middle) and 
Rb-Ill (right) structures are viewed along the a-axis of the C222 1 unit cell. The unit cells 
are shown. The layers in all three structures are numbered. Contact distances up to 2.5 A 
for Li-c116, 4.7 A for Cs-Il and 4.1 A for Rb-Ill are shown as solid lines. The symmetry 
operators, normal to the plane of projection, are shown. 
Thus, the atomic arrangement in Li-c116 structure is closely related to that in 
the Cs-Ill structure, whereas the Cs-Ill cell is composed of two Li-like 32-atom bits, 
interlayered with 10-atom layers. This is shown schematically in the inset of Figure 
4.35. The atomic arrangement in Rb-Ill structure is closely related to that of Li-c116, 
as shown in the inset of Figure 4.35. 
A theoretical picture on the formation and stability of these complex 











4.7 Structure solution of Ga-V 
In section 4.3 we reported a phase transition sequence of Ga at RT, where a 
new phase, named Ga-V, was observed between 10 and 14 GPa with yet unsolved 
structure. In this section we report the structure solution of Ga-V from powder 
diffraction techniques. 
The Ga-V phase gave sharp and quite simple diffraction patterns. A Ga-V 
diffraction pattern at 11.3 GPa was used to obtain the lattice parameters of the unit 
cell. The 20 - values were extracted and inserted in the indexing program DICVOL 
(chapter 2). The program gave monoclinic unit cell with lattice parameters a = 
3.9739(3) A, b = 4.1720(4) A, c = 2.8802(3) A, and 0 = 94.10°. The volume of the 
unit cell is Vceii = 47.63 A 3 . From the pressure dependence of atomic volume (Figure 
4.9 in section 4.2) we can estimate the atomic volume at 11.3 GPa to be Vat 15.9 
A3 . This gives the number of atoms in the unit cell Vceii/Vat  3. Using these lattice 
parameters, a Lebail fit was performed for the powder pattern of Ga-V at 11.3 GPa 
with the computer program WinMProf (Figure 4.36). There were no systematic 
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Figure 4.36 A powder diffraction profile of Ga-V at 11.3 GPa together with the Lebail fit 
based on a monoclinic cell, described in text. The hkl indexes are given for 
some low-angle diffraction peaks. "g" denotes a peak from gasket material. 
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As can be seen from Figure 4.36, the positions of the reflections are fit quite 
well with this monoclinic cell. However, some of the reflections are indexed as 
doublets whereas they are clearly single peaks, for example the reflection at 20 
12.80 indexed as 020 and —111. Also, some of the reflections are predicted at 20 
values, where actually no reflections are observed (e.g. 100, 110, 001). These 
observations indicate that the true unit cell has a higher crystallographic symmetry, 
and that the space group has more reflection absence conditions. 
A cell with a higher symmetry was found using the computer program 
DIC VOL. namely a hexagonal cell with the lattice parameters a = 8.3451(3) A, c = 
4.7380(l) A. The volume of the cell is Vceii = 285.75(2) A3 . Therefore the number of 
the atoms in the hexagonal unit cell is 18. This hexagonal cell is therefore 6 times 
bigger as the initially found monoclinic cell. 
The systematic absences in the observed hkl reflections for Ga-V are 
forhkl: -h+k+1=3n 
for h h 1: 1=2n, 	where n is an integer. 
This gives the possible space groups as R3c or R 3 c, and indicates that the symmetry 
of the cell is trigonal. A Lebail fit to the powder diffraction profile of Ga-V at 11.3 
GPa with the hexagonal cell described above and the space group R 3 c is given in 
Figure 4.37. A Lebail fit with the space group R3c gives the same result. As can be 
seen from Figure 4.37, the trigonal cell with space group R 3 c (R3c) accounts for all 
the reflections observed and does not predict the reflections where no reflections are 
observed. This gives a good indication that the found cell is correct. 
The trigonal unit cell of Ga-V can be alternatively presented in rhombohedral 
axes with lattice parameters a = 5.0703 A and a = 110.76° . The rhombohedral cell 
contains 6 atoms in the unit cell. Therefore, the Pearson symbol for this structure is 
hR6. 
The reflection intensities were used to determine the atomic positions for the 
hR6 structure of Ga-V. When Ga-V appears on pressure increase at around 10 GPa, it 
exhibits powder diffraction images with spots on diffraction rings that are similar to 
those seen in Figure 4.12 in section 4.3. The spottiness of the image modifies the 
intensities of the integrated profile in such a way that it is not suitable for structure 
110 
determination. However, on pressure increase, the po der patterns of (ia-V became 
smoother and a diffraction pattern of Ga-V at 12.2 GPa was used for the analysis of 
intensities. 
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Figure 4.37 A powder diffraction profile of Ga-V at 11,3 GPa together with the Lebail fit 
based on a hexagonal cell, described in text. The hkl indexes are given for some 
low-angle diffraction peaks. "g" demotes the peak from gasket material. 
For analysis of the diffraction intensities of Ga-V the space group R3c was 
taken. The 18 atoms in the hexagonal cell of Ga-V can be placed on the I 8e position 
(x 0 %) of the space group R3c. The atomic position x - 0.2 gives approximately the 
correct distribution for diffracted intensity. Using the program MPROF, the atomic 
position parameter is refined to the value of x = 0.187(l). The refined lattice 
parameters at 12.2. GPa are a = 8.3165(5) A and c = 4.7159(6) A (in hexagonal 
axes). In rhombohedral axes, the lattice parameters are: a = 5.0588 A and a 
110.780 . Although, the intensities of the most diffraction peaks were fit satisfactorily, 
there are significant misfits for some of the reflections, especially 300 and 102. An 
introduction of a preferred orientation model gives a good fit to the intensities of all 
the reflections. The final Rietveld fit with the hR6 structure is given in Figure 4.38. 
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Figure 4.38 The integrated profile of Ga-V at 12.2 GPa (crosses) and Rietveld refinement fit 
(line). Tick marks indicate the position of the diffraction reflections of the hR6 structure. 
Below the tick marks, the difference between observed and calculated intensities is given. 
Second, the diffraction intensities of Ga-V are analysed with the space group 
R3c, which has a lower symmetry than the space group R3c. The atoms can be 
placed in the general position 18b (x y z) of the space group R3c. The atomic position 
with x - 0.0 and y - 0.2 and z = 1/4 gives approximately the right distribution for 
diffraction intensity. It should noted that the choice of origin of atomic positions with 
respect to z does not effect the diffraction intensities, therefore z = ¼ is chosen, as 
was obtained from the above Rietveld refinement with the space group R3c. Using 
the program MPROF, the atomic position parameter of Ga-V is refined in the space 
group R3c to the values of x = 0.005(3) and y = 0.193(2). This atomic position 
(0.005, 0.193, ¼) is very close to the atomic position 18e (0.193 0 ¼) of the higher 
symmetry space group R 3 c. Therefore, the special position 18e (x 0 ¼) of the space 
group R-3c is chosen for the hR6 structure of the Ga-V phase. 
The hR6 crystal structure of Ga-V at 12.2 GPa is shown in Figure 4.39 (left). 
Rhombohedral axes are used, and six atoms in the unit cell are shown. 
.4. 
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Figure 4.39 (Left) general view of the hR6 crystal structure of Ga-V at 12.2 GPa. 
(Right) atomic coordination in the hR6 structure of Ga-V. 
The structure is represented in rhombohedral axes. 
In the hR6 structure, the each atom has 10 nearest neighbours (Figure 4.39, 
right). The values of the interatomic distances in Ga-V at 12.2 GPa are: d1(2) = 2.629 
A, d2(2) = 2.694 A, d3(2) = 2.735 A and d4(4) = 2.825 A. The numbers in brackets 
indicate the number of interatomic distances at a particular d-value. For comparison, 
the nearest neighbour distances in the t12 structure of Ga- Ill at 12.2 GPa are 2.710 A 
(4 contacts) and 2.832 A (8 contacts). 
4.8 Interpretation of Ga-V structure 
As shown in the previous section, the hR6 structure of Ga-V has a 
rhombohedral cell with lattice parameters a = 5.0588 A and a= 110.78° at 12.2 GPa. 
We note that the unit cell of Ga-hR6 has a value of rhombohedral angle close to the 
value of a = 109.47° that corresponds to a primitive rhombohedral cell of a body-
centered cubic structure (see Figure 4.40). The number of atoms and the volume of 
the cubic cell are two times larger than that in the rhombohedral cell. 
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Figure 4.40 Relationship between a body-centered cubic and a primitive rhombohedral cells. 
Thus, the Ga-hR6 structure can be considered as a small rhombohedral 
distortion of a body-centered cubic cell with 12 atoms in the unit cell (c112) and the 
lattice parameter a c  = (Vat* 12)" = 5.740 A. The lattice parameter of the cubic 
structure calculated from the atomic volume of the hR6 structure Vat = 15.76 A3 . This 
c112 cell can be represented in rhombohedral axes with lattice parameters: 
a,. = a *43I2 = 4.97 1 A, a,. = 109.470 . 
A c112 structure has been proposed for one of the higher-pressure phase of 
Ga, namely Ga-11 (Bosio 1978), as detailed in section 4.2. The diffraction studies 
presented in this thesis have shown that the true structure of Ga-il is a complex 
oC104 structure; the c112 structure gives an approximation for observed intensity 
distribution of Ga-Il diffraction reflections (section 4.4). The c112 structure is also 
shown to approximately index the groups of strong reflections of the Ga-oC104 
structure, and the apparent systematic absences of the Ga-oC104 are shown to be 
consistent with the space group 14 3d, proposed by (Bosio 1978) for the c112 
structure (section 4.4). However, there is no simple subcell-supercell relationship 
between the c112 and oC104 structures. 
From a comparison of a simulated diffraction pattern of c112 structure (Bosio 
1978) and a diffraction pattern of Ga-V with hR6 structure (Figure 4.41), one can 
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notice similarities in peak positions and intensities. Therefore, it is interesting to 
analyse the relationship between atomic arrangements of the hR6 and cII 2 structures. 
10 
- 	c112 structure (Bosio 1978) 
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Figure 4.41 Simulated diffraction patterns of the hR6 (red line) and cI12 
(blue line) structures, calculated for the same atomic volume. 
In the c112 structure (Bosio 1978), atoms occupy the 12a position (3/8 0 1/4) 
of the space group 143d. In order to compare the atomic arrangement of this 
structure with that of Ga-hR6, the c/i 2 structure is represented in a hexagonal setting, 
where the atoms in the c1 1 2 structure occupy the 18b position (0.042, 0.208 0) of the 
space group R3c. The c/12 structure represented in hexagonal axes is shown in 
Figure 4.42 (left), in comparison with the hR6 structure also represented in 
hexagonal axes (Figure 4.42, right). 
To obtain the hR6 structure from the dl 2 structure, the cell parameters 
should be slightly changed, as indicated in Table 4.5. The atom in 18b position of the 
dl 2 structure should be shifted by 0.042 in x and by —0.02 in y, to obtain the hR6 
structure. These new atomic positions correspond to a higher symmetry space group 
R 3 c and occupy the 18e positions (x 0 1/4) with x 0.187. 
Figure 4.42 The c112 structure (left) and the Ga-V hR6 structure (right), represented in 
hexagonal axes. For lattice parameters and atomic positions used, see Table 4.5. 
A Rietveld refinement of a Ga-V pattern, with the hexagonal cell found in 
section 4.7 and atomic positions taken from Bosio's c112 cell, gives significant 
misfits between the observed and calculated diffraction intensities (Figure 4.43, 
upper panel). This shows that the hR6 structure of Ga-V has atomic positions 
different from those in the Bosio's elI 2 structure. If the atomic positions, taken from 
Bosio's c112 cell are refined in the R3c space group, they arrive at the same values 
obtained in section 4.7. The fit with the refined atomic positions is shown in Figure 
4.43 (lower panel). 
The lattice parameters of the hR6 structure in rhombohedral and hexagonal 
axes and of the c112 structure (Bosio 1978) in cubic, rhombohedral and hexagonal 
axes are summarised in Table 4.5. 
Table 4.5 Summary of space groups, atomic positions and lattice parameters 
for the elI 2 and hR6 structure in cubic, rhombohedral and hexagonal symmetry. 
Symmetry  eII 2 structure hR6 structure 
cubic Space group 143d 
atomic positions 12a (3/8 0 1/4) 
lattice parameters a = 5.740 A 
rhombohedral Space group R3c R3 
atomic positions 6b (1/4 5/8 3/8) 6e (0.066, 0.434, 0.25) 
lattice parameters a,. = 4.971 A, ix,. = 109.470 a = 5.0588 A, a= 110.78 
hexagonal Space group RR- R3C 
atomic positions 18b(0.042, 0.2080) 18e(0.187 0 1/4) 
lattice parameters ah = 8.118 A, Ch = 4.971 A a = 8.327 A, c = 4.723 A 
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To transform units cell parameters and atomic positions from one symmetry 
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Figure 4.43 Rietveld refinement of the Ga-V diffraction pattern collected at 12 GPa, 
with atomic positions taken from the Bosios c112 structure and fixed on the 18b 
position of the space group R3c (lower panel), and atomic positions 
refined in the R3c space group (upper panel). 
Now the structure hR6 and oC104 will be compared. From a comparison of a 
simulated diffraction pattern of oC104 structure and hR6 structure (Figure 4.44), one 
can notice similarities in peaks positions and intensities. Although, there is no 
subcell-supercell relation between these structures, certain characteristics of these 
structures are very similar. In both, hR6 and oC104, structures, each atom is 
surrounded by 10 other atoms. However, if the coordination of all atoms in the Ga- 
193 
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Figure 4.44 Simulated diffraction patterns of the hR6 structure of Ga-V at 12.2 GPa (blue 
line) and the oC1 04 structure of Ga-11 at 2.8 GPa (red line), represented in a log d— scale 
to enable a direct comparison. 
From the analysis of the coordination polyhedra of the oCl 04 structure one 
can see that the coordination polyhedron of the atom Ga4 (see Table 4.2) is very 
similar to that of atoms in the Ga-hR6 structure (Figure 4.39 right). The values of the 
interatomic distances to the nearest neighbours of an atom in the hR6 structure lie in 
a small interval between 2.66 and 2.82 A, and therefore the coordination polyhedron 
appears to be symmetric (Figure 4.39, right). The values of the interatomic distances 
to the nearest neighbours of the Ga4 atom in the oC104 structure lie in an inteval 
between 2.74 and 3.01 A (at 2.8 GPa), and the coordination polyhedron is also quite 
symmetric. The rest of the coordination polyhedra in Ga-11 are less symmetric, as the 
values of interatomic distances vary within a large interval between 2.65 and 3.3 A. 
Thus, we have shown that the hR6 structure of Ga-V and the oCt 04 structure 
of Ga-It have similar atomic coordination, in conclusion, we should note that the hR6 
and oC104 structures represent two structure types with the coordination number 10 
that represent an atomic arrangement that appears in a phase transition sequence with 
IiR6 structure is the same, the Ga-IT structure has 14 different coordination 
polyhedra. 
- hR6 structure 
- oCl 04 structure 
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Figure 4.44 Simulated diffraction patterns of the hR6 structure of Ga-V at 12.2 GPa (blue 
line) and the oC104 structure of Ga-11 at 2.8 GPa (red line), represented in a log d - scale 
to enable a direct comparison. 
From the analysis of the coordination polyhedra of the oC104 structure one 
can see that the coordination polyhedron of the atom Ga4 (see Table 4.2) is very 
similar to that of atoms in the Ga-hR6 structure (Figure 4.39 right). The values of the 
interatomic distances to the nearest neighbours of an atom in the hR6 structure lie in 
a small interval between 2.66 and 2.82 A, and therefore the coordination polyhedron 
appears to be symmetric (Figure 4.39, right). The values of the interatomic distances 
to the nearest neighbours of the Ga4 atom in the oC104 structure lie in an inteval 
between 2.74 and 3.01 A (at 2.8 GPa), and the coordination polyhedron is also quite 
symmetric. The rest of the coordination polyhedra in Ga-il are less symmetric, as the 
values of interatomic distances vary within a large interval between 2.65 and 3.3 A. 
Thus, we have shown that the hR6 structure of Ga-V and the oC104 structure 
of Ga-11 have similar atomic coordination. In conclusion, we should note that the hR6 
and oC104 structures represent two structure types with the coordination number 10 




increase in coordination number just before a structure with the closest packing (bcc, 
hcp orfcc). 
4.9 Pressure dependence 
In this section, the pressure dependence of the lattice parameters, axial ratios 
and atomic volume are reported for the high-pressure structures of Ga, studied in this 
thesis: t12, oC104 and hR6. 
Pressure dependence of Ga-Ill. 
The lattice parameters of the t12 structure in Ga were determined from the 
single-crystal and powder diffraction data and shown in Figure 4.45. The axial ratio 
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Figure 4.45 Pressure dependence for lattice parameters and axial ratio for the t12 structure of 
the Ga-Ill phase within its range of stability and metastability. On the axial ratio plot, the 
data from the present work as well as the data from literature are shown. 
Pressure dependence for Ga-II 
The single-crystal sample of the Ga-TI phase with the oC104 structure, 
obtained on cooling of the Ga-Ill phase down to 193 K at pressure of 2.8 GPa, was 
taking up in pressure at RT, and the lattice parameters measured as a function of 
pressure. Figure 4.46 shows the variation of the lattice parameters and the b/a and c/a 
axial ratios with pressure for the oC104 structure. The b/a ratio is equal to 1.435 at 
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Figure 4.46 Variation of lattice parameters and axial ratios with pressure 
for the oC104 structure of the Ga-II phase. The dashed lines are guides to the eye. 
Pressure dependence for Ga-V 
The lattice parameters of the hR6 structure were measured as a function of 
pressure over its stability range from 10 to 14 GPa. Figure 4.47 shows the variation 
of lattice parameters and the c/a axial ratio with pressure for hR6 structure. 
Analysing the pressure dependence of hR6 structure in Ga from 10 to 14 GPa, one 
can note that the c/a ratio (in hex. axes) remains almost constant at the value of 0.567 
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Figure 4.47 Variation of lattice parameters and the c/a axial ratio with pressure for the hR6 
structure of Ga. Solid lines are guides to the eye. The c/a = 0.612 indicated by a dashed line 
corresponds to a cubic structure. 
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From the lattice parameters, the atomic volume for the high-pressure 
structures of Ga was calculated as a function of pressure. It is shown in Figure 4.48 
together with the atomic volume of the ambient pressure phase Ga-I. The atomic 
volume changes at the phase transitions Ga-11 - Ga-V and Ga-V - Ga-Ill were 
determined from two-phase mixture powder patterns. It is less than 0.5(1)% for both 
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Figure 4.48 Variation of the atomic volume with pressure for the high-pressure phases Ga-I, 
Ga-11, stable and metastable Ga-Ill and Ga-V from the present work (black symbols) and 
literature data (coloured symbols). The vertical dashed lines indicate transition pressures 
between the stable Ga phases. The solid line is a guide to the eye. 
Interatomic distances are calculated from the lattice parameters and atomic 
positions for the studied phases, Ga-Ill, Ga-11 and Ga-V. These are shown in Figure 
4.49. In contrast to the ambient-pressure phase, where there is one short distance, the 
high-pressure phases have longer distances that are approximately the same length. 
This demonstrates that the bonding character changes from a partially covalent to a 
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Figure 4.49 Interatomic distances in Ga-I, II, III and V up to 20 GPa. 
The numbers indicates how many distances are present in the structure. 
4.10 Revised phase diagram 
The phase transition sequences, observed in Ga on pressure increase at room 
temperature (sections 4.3 and 4.4), are summarised in Figure 4.50, taking into 
account the structure solution of the phases II and V (sections 4.4 and 4.7): 
Ga-I 
stable Ga-Ill, t12, 
4j L I metast.Ga-lll, t12, sx I  Ga-V, hR6 I  powder 	30 
Ga-I metast.Ga-ill, stable Ga-Ill, 
ij L I metast.Ga-ill, tI 2, sx I t/2, textured I t12, powder ) 
(C) 	
stable Ga-Ill, t12, 
	
T11 Ga-11, oC104 	I Ga-V, hR61 powder 
stable Ga-Ill, t12, 
(d) 	(LI 	Ga-11, oC104 	1Ga-V, hR61 	powder 	
20 0 	 5 	10 	15 
Pressure (GPa) 
Figure 4.50 Phase transition sequences observed (a) on slow pressure increase at room 
temperature, (b) on pressure increase at room temperature with a fast pressure change from 3 
GPa to II GPa, (c) on slow pressure increase at room temperature , after cooling Ga-Ill at 3 
GPa down to 200 K and obtaining the Ga-11 phase, and (d) on slow pressure decrease at 
room temperature. 
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On the basis of the room temperature phase observations in the present work, 
a revised Pressure-Temperature (P-T) phase diagram is proposed in Figure 4.51. The 
phase boundaries up to 7 GPa at elevated temperatures are taken from Ref. 
(Jayaraman et al 1963). The Liquid - Ga-Ill phase boundary at high-temperature is 
from (Comez et al 2002). The results of the present study give two important P-T 
points: the transition pressures between Ga-11 and Ga-V and between Ga-V and Ga-
ifi at RT. These points, representing average values for the transition pressures on 
pressure increase and pressure decrease, are shown in Figure 4.51 by solid diamond 
symbols. Taking into account the 11-I11 phase boundary from (Jayaraman et al 1963) 
and the point at 10 GPa and 343K for the 11-Ill transition from (Schulte and 
Holzapfel 1997), the stable phase boundaries between phases II, V and ifi can be 
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Figure 4.51 Phase diagram of Ga up to 20 GPa. The diagram includes 
the data from present work and literature (see text for explanation). 
The proposed V-Ill boundary lies at lower pressures than the ll-llI boundary 
suggested in (Schulte and Holzapfel 1997) (see Figure 4.8). The transition pressure 
of 18 GPa, given for the Il-Ill transition in (Schulte and Holzapfel 1997), can be 
correlated with the pressure of 17 GPa where the smooth diffraction patterns of Ga- 
III appear on pressure increase at room temperature. The metastable phase boundary 
for the transition rn-H at low temperatures is estimated from our results and is shown 
as a dashed line in Figure 4.51. It agrees very well with the metastable lU-il phase 
boundary proposed in (Bosio 1978). 
To constrain the exact phase boundaries between Ga-II, Ga-V and Ga-ill, the 
in situ low and high temperature diffraction studies under pressure are necessary. For 
such studies, the present high-pressure diffraction techniques need to be developed 
for low-temperature studies. A cryostat is needed, where a high-pressure cell can be 
enclosed and cooled. For the high-temperature high-pressure study of the Ga phase 
diagram, a 
high-temperature pressure cell can be used that has been developed by Carine 
Vanpeteghem, Edinburgh High-Pressure Group (Vanpeteghem 2000). However, the 
determination of the exact phase boundaries between the phases Ga-111, Ga-V and Ga-
III lie outside our primary objective, which is focussed on the solution of complex 
crystal structures of Gallium. 
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Chapter 5. 
Discussion of present theoretical picture 
5.1 Introduction 
In this chapter, we discuss the present theoretical understanding of the 
complex behaviour of elements under pressure, and important questions and 
problems for theorists. In the first part of this chapter, recent theoretical calculations 
on the incommensurate host-guest structures in Bi and Ba are discussed. In the 
second part, the complex structures of alkali metals and gallium are considered. The 
recent theoretical calculations of electronic structure of high-pressure Li are 
reviewed. We review Hume-Rothery arguments to analyse the stability of the 
complex phases in Li, Cs and Rb and apply the same approach to analyse the 
complex structures reported for Ga. Finally, the structural and electronic properties 
of these complex phases are discussed together with other physical properties. 
5.2 Incommensurate host-guest structures in elements 
The host-guest structures of elements correspond to incommensurately 
modulated composite structures. Since conventional electronic structure calculations 
are based on periodic boundary conditions, an incommensurate structure has to be 
approximated by a commensurate structure (approximant). For the experimentally 
observed incommensurate host-guest structures in Ba (Nelmes et al 1999) and group-
V elements Bi, Sb and As (McMahon et al 2000b), such approximants have been 
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proposed (Reed and Ackland 2000, Haussermann et al 2002). The most interesting 
questions to discuss are whether the host and guest atoms have different electronic 
structures and what are the main factors responsible for the formation and stability of 
the incommensurate structures in elements? The possible answers are given by 
theoretical calculations which are presented below. 
5.2.1 Group-V elements Bi, Sb and As 
Total energy calculations on group-V elements Bi, Sb and As have been 
recently performed as a function of volume within ab initio density functional theory 
using pseudopotentials (Haussermann et a! 2002). The s-p-d electron orbitals were 
included in the calculations. The density of state (DOS) for each element for all the 
phases occurring in the experimental transition sequence was calculated. A structural 
model for an approximation of the host-guest structures consisted of six in 
antiposition stacked 32434  nets (three host cells) and a perfect bct guest arrangement 
with an arbitrary origin offset from the host structure. After relaxation of the 
structure, the symmetry space group P41ncc was revealed (Haussermann et a! 2002). 
The calculated DOS, shown in Figure 5.1, display an increase in bandwidths 
and DOS at the Fermi level with pressure increase. DOS at the Fermi level develops 
from a bonding-antibonding character in As-type structure (denoted as A7) through 
an intermediate stage with Bi-Ill structure, towards a free-electron like character in 
bcc. Therefore, the Bi-Ill structure in its electronic structure behaviour takes an 
intermediate position between As-type (A7) and bcc structures. 
The valence charge distribution in the guest component of the Bi-HI 
model structure, which is shown in Figure 5.2 for Sb, contains regions of high charge 
density between pairs of atoms. This corresponds to the (partially) covalently bonded 
pairs of atoms within the guest chains. The quasi-pairing tendency of guest atoms 
within the linear chains found in the calculations on the Bi-1111 model structure agrees 
with the strong displacement of guest atoms within the chains due to modulation of 
host and guest subsystems found experimentally in Bi-ilI and Sb-il (McMahon et al 
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Figure 5.1. Calculated Density of State (DOS) for Sb for the experimentally observed 
structures. Black curves are total DOS, red - s-projected, green - p-projected DOS, 
blue - d-projected DOS (from l-laussermann et al 2002) 
The analysis of the electronic structure of the Bi-Ill model structure for As, 
Sb and Bi showed a very similar distribution of the density of states when projected 
on the host and guest atom sites (Haussermann et al 2002). Therefore, it was 
concluded that there is no significant electronic structure difference between host and 
guest components within the Bi-Ill structure. In particular, the intuitive picture of 




Figure 5.2 Valence charge distribution in the guest component 
of Sb-Il (from Haussermann et al 2002). 
In general, a smooth change in electronic structure has been observed along 
the phase transitions under pressure, meaning no change in the valence states for 
these elements. The transformation from A7 structure (through a simple cubic) 
through the Bi-Ill structure towards bcc takes place with an increase in coordination 
number from 3+3 in A7 to 9,10 in 131-111-type, and finally to 8+6 in bcc. This 
increase in coordination number with pressure corresponds to the general trend for 
polyvalent s-p metals (chapter 1). As stated by Heine, there are no simple structures 
with nine-ten nearest neighbours, and consequently complex atomic arrangements 
are observed (Heine 2000). Bi-Ill-type structure, again, takes an intermediate 
position in the structure transition sequence from low-coordinated covalently 
bounded structures to highly coordinated metallic structures. 
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5.2.2 Group-11 element Barium 
The theoretical calculations on Ba-TV structure have been performed using ab 
initio total energy pseudopotential method (Reed and Ackland 2000). The host-guest 
structure of Ba-IV has been approximated by a cell with a cHIcG ratio equal to 1.5 
instead of the 1.39 observed experimentally (Nelmes et al 1999). This gives 3 guest 
atoms in the host cell, instead of the 2.78 guest atoms reported from experiment. 
Together with 8 host atoms, the total number of atoms in the unit cell is 11, to 
approximate the number of 10.78 observed in experiment. 
The results of the calculations show that the displacement of the guest chains 
along their length with respect to the host atoms, as illustrated in Figure 5.3, gives a 
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Figure 5.3 The host-guest interactions could induce a modulation with period Cest in the host 
which would yield an indirect chain-chain coupling (upper figure, with the host displacement 
much exaggerated). Since all local registries are observed somewhere along the chain, the 
energy change due to a vibrational mode displacing the guest chains along their length with 
respect to the host is exactly zero (lower figure). From (Reed and Ackland 2000). 
The calculation of the electronic structure revealed a difference between the 
host and guest atoms in Ba-IV. Host atoms were shown to have an s-like character, 
whereas guest atoms were shown to have a d-like character. Thus, the host-guest 
structure in Ba can be considered as an intemetallic alloy (Reed and Ackland 2000). 
However, recent considerations (Ackland - personal communication) suggest that the 
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electronic structure of the host and guest components is the same within the errors of 
the calculations. 
5.2.3 Discussion 
The experimental studies on incommensurate host-guest structures in 
elements have lead to discoveries of interesting behaviour in these complex 
structures, such as partial disorder of the guest chains (Nelmes et al 1999, McMahon 
et al 2000a, McMahon et al 2000b), melting of these chains (McMahon et al 2001b), 
modulation between host and guest components (McMahon et al 2003, chapter 3), 
and phase transitions between incommensurate phases (chapter 3). These 
observations suggest a special strong bonding between the guest atoms along the 
chains. The intrachain bonding appears to be stronger than the interchain bonding. 
The experimental observations also suggest that there is a special interaction between 
the host and guest components. It causes an incommensurate positional displacement 
of atoms in both components, experimentally observed as modulation. A structural 
transition in guest component with a change of its symmetry and significant 
distortion of the unit cell can cause a change of symmetry of the host structure (as 
observed for Sb), which again indicates a special interaction between host and guest 
components. 
Although all the guest components in the host-guest structures of group I, II 
and V elements are observed to form chains, different guest atomic arrangements are 
found, that are fitted into host frameworks. Slightly different axial ratios for these 
host structures seem to be related to different guest chain arrangements, choosing 
between C-face centered/body-centered monoclinic or tetragonal guest structures. 
Present theoretical calculations consider approximate commensurate 
structures to study the complex behaviour of the incommensurate host-guest 
structures in Ba and group-V elements (Reed and Ackland 2000, Haussermann et al 
2002). These calculations reproduce reasonably well the stability of these structures 
and transition pressures in the phase sequences of these elements. A modulation, 
representing a displacement of guest atoms along the chains, is found for Sb 
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(Haussermann et a! 2002), which corresponds to the experimental observation of the 
strong modulation of guest chain atoms in Sb-II (McMahon et al 2003, chapter 3). 
However, the use of a commensurate approximant for the calculation of the 
behaviour of the host-guest structures in these elements prevents any special 
interaction between the host and guest components from being seen. Furthermore, 
the question of the formation of different guest structures in different elements that 
have similar host-structures is not yet addressed by theoretical calculations. 
Thus, the use of 4-dimensional approach for the theoretical calculations, 
similar to that used for the description of the experimental data, could be expected to 
give more accurate results and more understanding of the behaviour of the host-guest 
structures in elements. Moreover, consideration of the interaction between a 2-dim 
guest atom chain and a 3-dim host atom framework may be useful for revealing the 
special interaction between host and guest components of the incommensurate 
structures of the elements. 
From the observation of the two-component structure in one-component 
systems (elements), it was intuitively expected that the electronic structure in host 
and guest components is different. From the analysis of the crystal structure of the 
incommensurate phases of group-TI and group-V elements it can be concluded that 
the bonding in the guest chains has directional character and is stronger than the 
bonding between the chains and in the host framework. For the group-V elements 
As, Sb and Bi at normal pressure, a participation of higher atomic (d) orbitals in the 
bonds is suggested (Pearson 1972), so that hybridised sp3d2 orp3d3 bonds are formed. 
One can speculate that this ability of group-V elements to form hybridised bonds can 
be realised in their high-pressure host-guest structures. The atoms in the guest 
component might have a spd-hybridisation that results in more directional bonds of 
guest chains. For the group-TI elements Ba and Sr, the hybridisation between s and d 
orbitals widely believed to take place at moderate pressures, and could be therefore 
accounted for the formation of the directional bonds in the guest component of the 
incommensurate structures in these elements. However, the theoretical calculations 
do not confirm these speculations, and show a similar electronic structure for both 
host and guest components of the incommensurate structures in group-il as well as 
207 
group-V elements (Ackland 2003, Haussermann et al 2002). Thus, further improved 
theoretical calculations are needed to reveal the reasons for the formation of the 
incommensurate host-guest structures in these elements. 
Finally, the physical properties of the incommensurate host-guest structures 
found in elements are review and discussed here. We consider the properties that are 
most sensitive to the crystal and electronic band structure, such as resistivity and 
superconductivity. Ba is reported to become a superconductor at 3.7 GPa with a 
temperature of superconducting transition T c = 0.06 K, and shows a steep rise of T 
under pressure up to 5.0 K at 13 GPa (Wittig and Matthias 1969, Moodenbaugh and 
Wittig 1973), which correlates with the transition pressure of 12.0 GPa at RT to the 
Ba-IV phase with the incommensurate host-guest structure (Nelmes et al 1999). The 
resistivity of Ba measured at RT shows a distinct increase at the phase transition 
around 12 GPa (Stager and Drickamer 1963). The Bi-HI phase that is found to be 
incommensurate above 2.7 GPa at RT, becomes superconducting at T c = 6.5-7 K and 
P = 3.7 GPa (Brandt and Ginzburg 1961). Resistivity of Bi increases at the phase 
transition from Bi-H to Bi-Ill at RT noticeably (see for example Bridgman 1952). Sb 
becomes superconducting at 8.5 GPa with a Tc = 3.55 K (Wittig 1969), which 
correlates with the transition into an incommensurate Sb-H phase found at pressure 
of 8.0 GPa and RT (McMahon et al 2000b). Resistivity of Sb increases just at the 
transition between Sb-I and Sb-11 (Vereshchagin et a! 1961). 
Thus, it appears that the formation of the incommensurate phases in the group 
II and V elements is accompanied by a transition into a superconducting state or an 
increase in the superconducting temperature and an increase in resistivity measured 
at RT. One could propose, that superconductivity arises from coupling of electrons to 
low frequency phonon modes, just as those found in Ba-IV, and shown in Figure 5.3 
(Reed and Ackland 2000). The increase of resistivity can also be connected with a 
lowering of electron density at the Fermi level. However, a more precise 
interpretation can be expected to be delivered from future theoretical calculations. 
5.3 Complex structures in group-I elements and Gallium 
The group-I elements, known to have a nearly-free like character of their 
electronic structure at ambient conditions, are found to transform to surprisingly 
complex crystal structures under pressure, that indicate a change in their electronic 
structure. The recent theoretical calculations on the complex structure of Li are 
discussed. The reasons of the appearing of the c116, oC52 and oC84 structures in the 
alkali elements are analysed using the Hume-Rothery arguments. Similar arguments 
are used to reason the appearance of the complex structures in Ga. 
5.3.1 Group-I elements 
Complex crystal structures have been discovered recently in the group-I 
elements under pressure, such as c116 structure in Li and Na (Hanfland et al 2000a, 
Hanfland et al 2000b), oC52 in Rb (Nelmes et al 2002), oC84 structure in Cs 
(McMahon et a! 2001a), and host-guest structures in Rb and K (McMahon 2001b, 
McMahon 2002). A theoretical calculation on the electronic structure of Li-c116 
(Hanfland et al 2000a) is described below. The Li-c116, Rb-oC52 and Cs-oC84 
structures were shown to be members of the layer stacking structure sequence, and 
their similarity in the real space was illustrated (Chapter 4). Below, the similarities 
between these structures are analysed in reciprocal space, and an attempt to 
understand the reasons of the formation of these complex structures is discussed 
below. 
Together with the report of the new high-pressure structure of Li, c116, stable 
above 42 GPa, the calculation of the electronic structure has been reported (Hanfland 
et al 2000a). As was reviewed in chapter 4, the Li-c116 structure represents a 2x2x2 
superstructure of bcc, where the atom in the 16c (x x x) position of the space group 
143d is displaced from x = 0.00 to x = 0.05, which corresponds to a shift along the 
body diagonal of the cubic cell (Hanfland et al 2000a). Calculation of the density of 
states (DOS), presented in Figure 5.4, demonstrates that the x = 0.0 to x = 0.05 
distortion of the c116 structure leads to an appearance of a pronounced maximum in 
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the density of states just below the Fermi level EF followed by a minimum near EF. 
In this way the total electronic energy is lowered with respect to a bcc sublattice (x = 
0.0). The DOS for Li-c/I 6 is also lowered with respect to the DOS calculated for the 
fcc and hRl structures, stable in Li at lower pressure than the c116 structure 
(Hanfland et al 2000a). If the s- and p-components of the DOS are considered, the p-
orbital component is particularly large for the pronounced DOS maximum just below 
EF, as shown in the inset in Figure 5.4. This would mean that under pressure the 
outer unoccupied p-band lowers and/or is broadened in energy, and the free valence s 
electrons partially transfer to the p-band. The conduction electron orbitals in Li 
change their character from s- top-like (Hanfland et al 2000a). This can be compared 
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Figure 5.4 Calculated electronic density of states for fcc, hcc (c116 with x = 0.00), 
hRI and Li-c/16 structures from Ref. (Hanfland et al 2000a). The inset shows 
relative contributions of s- and p-like orbitals to the density of state. 
A similar c116 structure is reported to occur in Na above 100 GPa (1-lanfland 
et al 2000b). At 112 GPa and 300 K, lattice parameter of the cubic structure is 5.3871 
A (Hanfland et al 2000b). Theoretical calculations show a substantial departure from 
a "simple metal" behaviour. This behaviour is associated with a .s to p electron 
transfer, similar to that found for Li (Christensen and Novikov 2001). In general, an 
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increase in electron-ion interaction is predicted for Na under pressure, and also an 
indication for a large electron-phonon interaction is found, enhancing the possibility 
for observation of a significant superconducting transition temperature (Neaton and 
Ashcroft 2001). 
As was shown in chapter 4, Li-c116 structure represents a simple end-member 
of the layer stacking structure sequence in alkali elements that are formed as 
superlattices of a bcc structure. Therefore, the c116 crystal structure found in Li and 
Na, oC52 found in Rb and oC84 structure found in Cs are considered as belonging to 
the same family. Their occurrence in the high-pressure transition sequence in the 
alkali elements is shown in Figure 5.5. 
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Figure 5.5 Transition sequence of alkali element under pressure. 
The regions of stability are shaded for the complex crystal 
structures considered as members of a layer stacking 
structure sequence. 
The reason of formation of the c116 structure in Li and Na and Cs-oC84 and 
Rb-oC52 structure as bcc superstructures can be proposed on the basis of the Peierls 
distortion (Hanfland et al 2000a) or of a Hume-Rothery effect (Ashcroft 2002, V. 
Degtyareva 2003). In the Hume-Rothery effect, the electronic (kinetic) energy is 
decreased due to existence of diffraction peaks with strong structure factors with 
reciprocal vectors nearly equal to the Fermi vector kF. This is illustrated in Figure 5.6 





Figure 5.6 Electronic energy (E(k)) vs reciprocal vector (k), from (Harrison 1966) 
In Li, a free electron metal at ambient conditions, the Fermi surface can be 
considered as a sphere with radius 
kF = (3 Tc 2  Z 'Vat) 1/3 , 	 (5.1) 
where z is the number of valence electrons, which equals 1 for Li, and V at  is atomic 
volume. For Li-c116, one can use the approximation of a Fermi sphere, as the Fermi 
surface is expected to be only a slight distortion of a sphere. The value of kF is 
estimated for Li at 38.9 GPa with V at = 9.16 A3 and z = 1 as kF = 1.48 A- '. The value 
of 2kF is indicated for Li-c116 on the diffraction pattern shown in Figure 5.7. The 
Hume-Rothery effect proposed by V. Degtyareva (2003) can be clearly recognised, if 
one considers a diffraction pattern of Li-c116 structure in comparison with the 
position of the diffraction reflections of a bcc subcell (Figure 5.7). Due to the 
distortion of bcc supercell into the Li-c116 structure by change of x from 0.00 to 
0.05, an additional diffraction peak (211) appears with a q-vector close to 2kF (qii 
2kF). This lowers the electron energy due to the effect shown in Figure 5.6. 
Similar considerations can be applied for the Cs-oC84 and Rb-oC52 
structures (V. Degtyareva 2003). Cs and Rb are known to be free-electron metals at 
ambient conditions, however under pressure their electronic structure is suggested to 
deviate from the free-electron behaviour due to the s-d hybridisation. Here, the 
nearly-free electron model can be considered as a good approximation for Cs-oC84 
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and Rb-oC52, as the s-d transfer has only partial character. Estimated from the 
equation 5.1 values of 2kF for Cs and Rb at the atomic volumes corresponding to the 
phases oC84 and oC52, respectively, are shown in Figure 5.7. Due to the distortion 
of bcc, in these structures additional set of peaks appears with q-vectors close to 2k F. 















132 LL  







' Wil/ 	A 	A- JI 	A- 
. 	 I 	 I 
4.0 J.0 ..0 	4. o 
Interplanar distance d, A (log scale) 
Figure 5.7 (Simulated) powder diffraction patterns for bcc, Li-c116, Cs-ill and Rb-HI. 
Position of 2kF for z = 1 electron per atom is indicated by dashed line. 
For Li-c116, the planes constructed on [211]-vectors form a polyhedron in 
reciprocal space (a Bnllouin Zone) that lies close to the Fermi sphere (Figure 5.8,) 
(V. Degtyareva 2003). This contact of Brillouin zone to the Fermi sphere provides 










Figure 5.8 Brillouin zone for Li-c116. Fermi sphere is shown for z = 1 
(from V. Degtyareva 2003). 
Total crystal energy is considered as a sum of energy terms: 
E 01 = E0 + Eeiectrostatic + Ebani structure , 	 (5.2) 
where E0 is an energy term that does not depend on crystal structure, Eeiectrostatic 
represents the coulomb repulsion between ions, and Eband structure represents the kinetic 
energy of electrons (see for example Harrison 1966). The Eeiectrostatic  term favors 
high-symmetry structures and the Eband structure term favors distorted low-symmetry 
structures. The stability of crystal structure is determined by a balance between the 
last two energy terms. This balance shifts with volume change, as these terms have 
different scaling with volume. Eeiectrostatic  changes as V 
-113,  while Eban j Structure  changes 
as V . Under compression the balance between these two energy terms shifts 
towards Eband structureS 
Thus, the electronic energy term of the total crystal structure energy is shown 
to become dominant under pressure and the Hume-Rothery effects are enhanced 
under pressure (Ashcroft 2002, Ackland et al 2003). Above, we have outlined how 
the formation of the distorted structures of Li, Cs and Rb can be understood as 
having an electronic origin. Thus, the Hume-Rothery effect appears to be the factor 
that determines the stability of the distorted c116, oC84 and oC52 structures over a 
bcc structure in the alkali elements (V. Degtyareva 2003. 
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5.3.2 Ga-11 structure 
At ambient conditions, Ga with its unique oC8 structure shows a partially 
covalent character for the atomic bonds that is reflected in its physical properties. 
Ga-I exhibits highly anisotropic thermal and electrical conductivity, the optical 
reflectivity spectrum of Ga-I has characteristics of a semiconducting behaviour (as 
reviewed in Bernasconi et al 1995). The theoretical first-principles studies of Ga-I 
(Gong et al 1991, Bemasconi et al 1995) demonstrate a covalent behaviour of the 
density of state with a pseudogap at the Fermi level. The high-pressure phases are 
shown to have metallic character and nearly-free electron behaviour of their density 
of states, as detailed below. 
Theoretical first principle calculations of high-pressure Ga have been 
performed for its face-centered tetragonal and cubic (fct and fcc) structures (Simak et 
al 2000, Li and Tse 2000), found experimentally for Ga-ill, stable at RT above 15 
GPa (Schulte and Holzapfel 1997) and Ga-IV, stable above 120 GPa at RT 
(Takemura et al 1998). The calculation (Li and Tse 2000) show a nearly-free electron 
behaviour for the fct and fcc structures of Ga. (Simak et al 2000) found that the 
degree of s-p mixing of the valence orbitals determines the stable structure. 
Theoretical calculations on the crystal structure of Ga-il have been done 
(Gong et al 1991, Bernasconi et al 1995) using the c112 structure reported from 
experimental studies by (Bosio 1978). The results indicate a nearly-free electron 
character of Ga-II, in contrast to the partially covalent character of Ga-I. 
Now, we have reported that Ga-11 has a complex crystal structure with 104 
atoms in the unit cell (chapter 4). In what follows, we analyse the factors of stability 
of this complex structure in Ga, using the same method described for Li-c116 
structure. The diffraction pattern of Ga-II (Figure 5.9) reveals strong diffraction 
peaks near the Fermi vector. The kF vector is estimated from the nearly-free electron 
model. For Ga at 2.9 GPa with number of valence electrons z = 3 and atomic volume 
Vat = 17.69 A3 , kF = 1.712 A 1 , and 2kF = 3.425 A- '. This value is shown in Figure 
5.9 by dashed line. Thus, in reciprocal space, a number of planes with strong 
structure factors form a Brillouin zone that lies close to a Fermi surface. The 
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electronic energy is lowered due to this Brillouin zone - Fermi sphere interaction 
(Ackland et al 2003). 
Ga-II,oC104 
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Figure 5.9 Simulated powder diffraction pattern of Ga-11 with the oC104 structure. 
Position of 2k F  for z = 3 electrons per atom is indicated by dashed line. 
5.3.3 Ga-V structure 
A new Ga-V phase has been found to be stable at higher pressure than Ga-11 
(chapter 4). The crystal structure of Ga-V is solved as rhombohedral with 6 atoms in 
the unit cell (hR6), which has not been observed before in any element. Below, we 
analyse the factors responsible for the appearance and stability of this structure in 
Ga, using the same model we applied for Ga-11. 
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Figure 5.10 Diffraction pattern of hR6 structure, represented in reciprocal space 
vectors (27rld). The values of the vectors for the dl 2 cell are shown above. 
The vector corresponding to 2k F is shown. 
0) 
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Diffraction pattern of Ga-hR6 reveals a group of two diffraction reflections 
with high intensities near the 2kF (Figure 5.10). The kF vector is estimated from the 
nearly-free electron model. For Ga at 12.2 GPa with number of valence electrons z = 
3 and atomic volume V at = 15.76 A3 , kF = 1.780 A - ', and 2*kF = 3.560 k'. This 
value is shown in Figure 5.10 by dashed line. The planes in reciprocal space 
constructed on the [131] and [122] vectors form a Brillouin zone that lies close to the 
Fermi sphere, providing a lowering of electronic energy. 
In chapter 4.4, we have shown that the Ga-hR6 structure is a small 
rhombohedral distortion of a body-centered cubic structure with 12 atoms (c112). 
One can ask, why a distorted rhombohedral structure appears in Ga with a symmetry 
lower than cubic? The [310] reciprocal vector of the cubic c112 cell, that lies near 
2kF, splits into two vectors [131] and [122] due to rhombohedral distortion, whereas 
the value of the [122] reciprocal vector gets closer to that of 2k F, as illustrated in 
Figure 5.10. This means that the corresponding { 122} planes of Brillouin zone get 
closer to the Fermi surface, proving a lowering of electronic energy in comparison to 
the cubic structure. 
Thus, we can conclude, that the appearance of the rhombohedrally distorted 
cubic structure (hR6) in Ga has an electronic origin. 
5.3.4 Discussion 
The experimentally discovered complex structures c116 in Li and Na, Cs-
oC84, Rb-oC52 and Ga-oC104 have been shown to be members of one series of 
layer stacking structures. This provides a link between the crystal structures of light 
and heavy alkali elements, and also a link between group I and ifi elements. Recent 
theoretical considerations (Ackland et al 2003) demonstrated that there is a common 
factor determining their stability over simple symmetric bcc, fcc andfct structures. It 
has been shown how the concept of Fermi-sphere - Brillouin-zone interaction (V. 
Degtyareva 2003) can account for these complex phases observed in group I and m 
elements. A simple heuristic for the stable phase is the existence of strong diffraction 
peaks in reciprocal space near the Fermi vector. Monovalent metals achieve this by 
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distortion of bcc. Trivalent metal Ga adopts similar to the monovalent metals 
distorted structure having a set of strong peaks near its Fermi vector (Ackland 2003). 
It is also argued that the crystal structure energy balance shifts under pressure 
from electrostatic energy term to the band structure energy term. This leads to the 
enhancement of Hume-Rothery effects under pressure (Ashcroft 2002), and to 
formation of complex distorted crystal structures. 
Finally, physical properties of the group-I elements and Ga are reviewed and 
their correlation with the crystal structure of the complex phases is discussed. 
In Li, the resistivity recently determined by shock compression (Fortov et al 
1999, 2000, 2002) rises anomalously by ten times in the pressure range 40-120 GPa. 
This increase corresponds to the structural transition from fcc to Li-c116 phase and to 
other complex phases (Hanfland et al 2000a, Hanfland et al 2000b). The measured 
resistivity versus pressure is shown in Figure 5.11 (upper panel). So, it turns out the 
Li metal becomes a rather poor metal or semiconductor under pressure. Theoretical 
calculations on high-pressure phases of Li (Christensen and Novikov 2001) show, 
that the density of states at the Fermi level decreases dramatically with pressure. This 
is illustrated in Figure 5.11 (lower panel). The graphs of pressure dependence of the 
resistivity and the DOS at the Fermi level are presented on the same scale of density, 
and have a very pronounced correlation, showing an excellent agreement between 
experiment and the electronic theory of metals. 
An increase in resistivity is also known for Cs around 4 GPa, corresponding 
to the structural transformation into Cs-Ill, with immediate decrease in resistivity at 
the transformation to the next high-pressure phase (Bridgman 1952, Stager and 
Drickamer 1964). Also, in Rb, resistivity shows a gradual increase towards the 
pressure of 10 GPa, the maximum pressure reached on resistivity measurements in 
Rb (Bridgman 1952), which suggests a high-resistivity above the transformation to 
Rb-ill at 13 GPa. As for Li-c116, for the structures of Cs-111 and Rb-HI lower values 
of the electron density at the Fermi level can be expected compared to the fcc and 
bcc phases, due to Fermi sphere-Brillouin zone interaction, which opens a pseudogap 
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The superconductivity of Li was reported at 23 GPa and 9 K. T increases 
with pressure to 16-20 K in the pressure range 43-66 GPa (Shimizu et al 2002 a,b, 
Struzhkin et al 2002).This corresponds to the c116 phase (Hanfland et a! 2000a). The 
Cs-ill phase is only stable down to approximately 200K, well above an expected 
superconducting temperature, whereas Cs has been found superconducting under 
pressure above 10 GPa with T = 1.5 K (Wittig 1970). In Rb, superconductivity has 
not been detected up to pressures of 21 GPa down to 0.05 K (Ulrich and Wittig 
1980). 
60 	100 	 210 GPa 
1 	 2 	3 	4 
Relative density 
Figure 5.11 Variation of the resistivity with increasing density for Li (upper panel) 
from (Fortov et al 1999) and density of states at the Fermi level for fcc-Li, 
hR 1-Li and c116-Li (lower panel) from (Christensen and Novikov 2001). 
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In the group-111 element Ga, an increase in resistivity is known to occur at the 
transition from Ga-ifi to Ga-IT (Jayaraman et al 1963). The superconducting 
transition temperature rises from T c = 0.85 K at ambient pressure to 4.2 K at 3.5 GPa, 
corresponding to the transition from phase I to phase II that is reported with a T = 
6.38 K (Buckel and Gey 1963). 
To summarise the behaviour of the complex phases in alkali metals, c116 in 
Li, oC84 in Cs-ffl, oC52 in Rb-ill, and of the group ifi element Ga with its oC104 
structure in Ga-H, resistivity increases significantly at the transition to these complex 
phases. This is due to the Fermi sphere - Bnllouin zone interaction, that lowers the 
electron density at the Fermi level, compared to the fcc and bcc phases in alkali 
metals and fct in Ga. This opens a pseudogap at the Brillouin zone boundary 
(Ackland et al 2003). The strong increase in superconducting temperature, observed 
for Li-c116 and Ga-oC104, arises from the coupling of electrons to low frequency 
phonon modes, just as the Fermi sphere - Brillouin zone interaction lowers the 
phonon frequencies (Ackland et al 2003). 
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Chapter 6 
Summary and Conclusions 
The structure of high-pressure phases of Bi, Sb and As have been solved as 
incommensurate host-guest structure, similar to that recently found in the alkaline-
earth elements (Nelmes et al 1999, McMahon et al 2000a). A new phase (Sbil*)  has 
been found in Sb that was also shown to have an incommensurate host-guest 
structure. A novel incommensurate to incommensurate phase transition (Sb-il to Sb-
11*) has been described for Sb. The host-guest structures of group-V elements have 
been found to be incommensurately modulated. These structures are accurately 
described by application of 4-dimensional superspace formalism that is widely used 
for the analysis of incommensurate structures in compounds (van Smaalen 1995). 
The phenomenon of modulation is studied by single-crystal diffraction of Bi-111, 
where the true form and amplitude of the modulation have been revealed. 
The complex high-pressure behaviour of the group-HI element Ga has been 
clarified, and the phase transition boundaries were determined between 3 and 16 GPa 
at room temperature. The crystal structure of the Ga-H phase, which had remained 
uncertain despite several previous diffraction studies, is solved from single-crystal 
data as orthorhombic with 104 atoms in the unit cell. Another phase is discovered to 
be stable in Ga in the studied pressure range and its crystal structure is solved from 
powder diffraction data as rhombohedral with 6 atoms in the unit cell. A revised 
pressure-temperature phase diagram is proposed for Ga. 
A combination of theoretical models and experimental observations are 
applied to explain the appearance and stability of these and other recently reported 
complex crystal structures of elements. The Hume-Rothery arguments are employed 
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to analyse the factors responsible for the formation of the complex structures in alkali 
elements and Ga. 
The experimental results and theoretical investigations reported in this thesis 
have the following implications for our understanding of the complex structures in 
elements. 1) The host-guest structures found in elements are incommensurately 
modulated, where atoms are displaced from their ideal positions according to the 
modulation waves. 2) The full description of the incommensurate modulated host-
guest structures in elements is only possible with the application of the 4-
dimensional superspace formalism (van Smaalen 1995). 3) The change in symmetry 
of the guest structure causes the change in symmetry of the host structure, as 
observed in Sb (chapter 3). 4) Complex long-period structures are formed under 
pressure, as observed in Ga (chapter 4), Cs (McMahon et al 2001a) and Rb (Nelmes 
et al 2002). These long-period structures are shown to be organised as supercells of 
cubic structures. 5) A link between complex structures of light and heavy alkali 
elements, and between group I and III elements is established. This allowed us to 
find common reasons of stability for these structures. The main factor of stabilisation 
of these structures is the Fermi-sphere - Brillouin zone interaction. 
The reported experimental results on complex crystal structures provide the 
basis for the theoretical calculations of the electronic structure of Bi, Sb, As and Ga, 
and determination of the reasons for formation and stability of such complex atomic 
arrangements. The combination of experimental and theoretical results makes a 
significant contribution into development of the theory of electronic structure of 
materials. 
The recently developed high-resolution powder diffraction techniques in 
combination with the single-crystal diffraction techniques promise a great future for 
the high-pressure crystallography. Complex crystal structures of metallic elements 
formed under pressure that still remain uncertain, such as, in Sc and Hg (Zhao et al 
1996, Schulte and Holzapfel 1993), can be now studied on a new level of 
experimental techniques. New types of structure can be expected to be found in 
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complex phases of elements under pressure. For example, very recent diffraction 
study on group-VI elements Se and Te reports a new type of incommensurate 
structure with large modulations (Hejny and McMahon 2003). The complex 
structures of the group-I element Na reported above 100 GPa that form single-
crystals and could not be solved from powder diffraction (Syassen 2002), can now be 
studied with single-crystal diffraction. It will be challenging to apply these new 
diffraction techniques to solid nitrogen, where complex structures are reported for its 
high-pressure molecular (Gregoryanz et al 2002) and monoatomic (Eremets et al 
2001a) phases. 
Not only high-pressure diffraction techniques are undergoing significant 
development, but also other experimental techniques such as resistivity and 
superconductivity measurements are experiencing a major development in their high-
pressure applications. It became possible only recently to measure superconductivity 
at very high pressures, so that a transition to a superconducting state has been 
discovered in such elements as Li, B, 02,  S, Ca and Fe (Okada et a! 1996, Shimizu et 
al 1998, 2001, 2002 a,b, Struzhkin 1997, 2002, Eremets 2001b). Now the challenge 
will be to measure resistivity and superconductivity under pressure on single-crystals 
along specific crystallographic directions, as for example along the chains of the 
guest atoms in the incommensurate host-guest phases of elements. 
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The long-unknown crystal structure of Bi-111 has been solved. It comprises a body-centered-tetragonal 
(bct) host" and a bct "guest" component made up of chains that lie in channels in the host; the guest 
is incommensurate with the host along the tetragonal c axis. Diffraction data for Sb-11 reveal that it too 
can be fitted with the same composite structure. The structures of these two high-pressure phases of Bi 
and Sb are similar to those reported recently in the alkaline-earth metals Ba and Sr. 
PACS numbers: 61.50.Ks. 62.50.+p 
Bismuth is one of the most studied elements at high pres-
sure [1-81. Nevertheless, there are still several outstand-
ing uncertainties over the Bi phase diagram. The most 
contentious of these concern the crystal structure of Bi-111, 
stable between 2.8 and 7.7 CPa, and the possible existence 
of two other phase transitions at 4.4 and 5.3 CPa within the 
stability field of Bi-Ill. 
The diffraction pattern from Bi-Ill is known to be very 
complex [3,5,8] and its crystal structure has been reported 
previously as tetragonal [4] and orthorhombic [5]. How-
ever, in neither case is the fit to the experimental data 
convincing. Most recently, Chen et al. 1.81, using angle-
dispersive x-ray techniques, have reported Bi-Ili to be 
tetragonal (a = 8.659 A and c = 4.238 A at 3.8 GPa) 
with space group P41n and 10 atoms per unit cell. The 
same structure had previously been assigned to Sb-H, 
stable above 8.6 CPa [9].  But though this structure 
provides a very good fit to the reported Bi-111 peak 
positions and appears to account for all the observed 
reflections, the calculated density at 3.2 GPa [7] and 
3.8 CPa [8] would require a volume increase of 2.0(2)% 
at the Bi-il Bi-HI phase transition. 
Here we report a solution for Bi-Ill that is composed of a 
tetragonal "host" structure and an interpenetrating "guest" 
component that is incommensurate with the host. We show 
that this surprisingly complex elemental structure is also 
that of Sb-H, and possibly occurs in yet another group V 
metal, As. The structure was found for the first time only 
recently in the alkaline-earth metals Ba [10] and Sr [11], 
and has been dubbed "the weirdest known atomic structure 
of ... any pure element" [121. Its discovery now in the 
electronically quite different group V metals is a further 
surprise that suggests a much wider significance for this 
strange new type of metallic structure. 
Experiments were done with a sample of 99.999% 
purity (single crystal grade) obtained from the Institute of 
Rare Metals, Russia. Angle-dispersive powder diffraction 
data were collected on station 9.1 at the Synchrotron 
Radiation Source (SRS), Daresbury Laboratory, using an 
image-plate area detector, with a wavelength of 
0.4654(1) A [13]. Polycrystalline samples were obtained 
by grinding small pieces of Bi at room temperature. The  
gasket hole was filled with the resulting very thin flakes, a 
4:1 methanol:ethanol mixture as a pressure medium. and a 
small chip of ruby for pressure measurement. Diffraction 
patterns collected at ambient pressure revealed the sample 
to be finely powdered, with little prefer -red orientation. 
The 2D images were integrated azimuthally, and structural 
information was obtained by Rietveld refinement of the 
integrated profiles using the program MPROF [14]. 
The diffraction patterns from Bi-i on pressure increase 
remained smooth, but those obtained from Bi-il and, in 
particular, Bi-Ill were highly textured. Analysis of the 
integrated profiles of Bi-Ill revealed that although the 
primitive tetragonal cell of Chen ci al. [8] fits most of 
the observed peak positions extremely well, there are 9 re-
flections not accounted for. in fact, two of the strongest of 
these reflections—with d-spacings 2.147 A and 1.244 A 
at 3.6 CPa—are discernible (but not mentioned) in the 
diffraction pattern obtained by Chen ci al. at 3.8 GPa [8]. 
Attempts to fit the Bi-ill profiles with other previously 
proposed cells [4,51, or using autoindexing methods, were 
unsuccessful. 
Further increases in pressure resulted in a phase transi-
tion to the body-centered-cubic phase, Bi-V, at 8 CPa. On 
decreasing the pressure back to Bi-Ili, the diffraction pat-
tern became significantly more textured than that obtained 
on pressure increase, and contained some strong reflections 
from sizable crystallites. Samples of Bi-Ill that were pre-
dominantly one single crystallite were obtained by starting 
with a small cut single crystal of Bi-I, increasing the pres-
sure above 9-10 GPa into phase V, and then decreasing 
the pressure slowly back into phase ill.. 
A diffraction pattern from such a sample at 4.5 GPa is 
shown in Fig. 1. There are clear lines of diffuse scatter -
ing (from top left to bottom right). We have recently re-
ported the same feature in the high-pressure phases of the 
alkaline-earth metals Ba (Ba-IV) [10] and Sr (Sr-V) [11], 
where it arises from positional disorder of one-dimensional 
chains of atoms in a composite "host-guest" structure. The 
pattern also contains some 24 single-crystal reflections 
which can be divided into two classes—those lying on the 
lines of diffuse scattering (labeled IG),  and those not (la-
beled 1,j). Those on the !,j lines can be accounted for by a 
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FIG. 1. 2D image irton 	in!c crval1ite of Bi-HI at 4.5 GPa 
showing / # 0 lines of diffuse scattering. The location of host 
(ly ) and guest (IG ) layers of reflections are indicated, and the 
individual reflections are indexed. Unindexed reflections arise 
from other crystallites. 
body-centered-tetragonal host cell with al l = 8.602(l) A 
and c 11 = 4.207(1) A. while those on the 'G  lines index 
on another body-centered-tetragonal guest cell with aa = 
8.602(1) A and t- -; = 3.211 (1) A. The indices of the 24 
reflections are given in Fig. I and the systematic absences 
are consistent with space groups 141rn cm and 141rnmnz 
for the host and guest structures, respectively. Of the 9 
reflections not accounted for by the previously proposed 
primitive tetragonal structure 181,  only the weakest two. 
both of which are much too weak to observe in previously 
published data [3,5,81, remain unindexed. Some possible 
explanations for these two peaks-which have d-spacings 
of 3.254 and 2.671 A at 4.5 GPa- are given below. 
To obtain better peak intensities for detailed structure 
refinement, we attempted to minimize recrystallization by 
increasing the pressure at 200 K, much further from the 
melting curve. The resulting diffraction patterns were 
considerably smoother powders than those obtained on 
pressure increase at room temperature. A Rietveld fit 
to the integrated profile obtained from such a sample at 
6.8 GPa, using a pseudo-two-phase technique to fit the 
host-guest structure [10,111, is shown in Fig. 2. The 
remaining small discrepancies between observed and 
calculated profiles arise from the inadequacies of the 
single-parameter preferred orientation model. The refined 
value of the host-structure x coordinate (for the 8h sites 
of 1411icmn) at 6.8 GPa was 0.1536(3), compared with 
0.1484(3) in Ba-IV at 12.9 GPa 1101. and 0.1460(2) in 
Sr-V at 56 GPa [11]. Refinements of two further Bi-Ill 
samples obtained at low temperature gave x coordi- 
nates of 0.1531(3) and 0.1544(3). at 6.7 and 5.0 GPa. 
respectively. The refined lattice parameters at 6.8 GPa 
are a = 	= 8.5 182(2) A. c1 = 4.1642(2) A, and 
Ct-; = 3.1800(3) A, giving a CR/C(,  ratio of 1.309(1). 
This is somewhat smaller than the value of 1.404(1) 
found in Sr-V at 56 GPa [111 and 1.378(1) in Ba-IV at 
12.9 GPa [101. 
FIG. 2. Integrated ID profile from Bi-III at 6.8 GPa (dots) 
and a Rietveld refinement fit (line). The upper and lower tick 
marks below the profile show the peak positions of the host and 
non-hk() guest reflections, respectively. Below the tick marks is 
the difference between the observed and calculated profiles. In-
set (i) shows the two weak reflections in Bi-Ill not accounted for 
by the basic host-guest structure. Inset (ii) shows the integrated 
diffraction profile from Sb-11 at 11.9 GPa, with tick marks as 
for Bi-111. The arrows indicate the two most intense extra re-
flections. located in the same positions as the extra reflection in 
Bi-Ill. The asterisks mark two of the five observed reflections 
not accounted for by the P4/n structure. 
As said, this basic composite structure cannot account 
for two weak peaks observed reproducibly in the Bi-Ill 
diffraction profiles. These peaks are ex!remne/v weak [see 
inset (i) and the main profile in Fig. 21. They exist only 
in the Bi-Ill phase, and they compress at the same rate 
as the host and guest peaks. One possibility is that they 
arise from another (minority) guest structure: we found 
two different guest structures coexisting in Ba [101. These 
peaks might also indicate some modulation of the host or 
guest structure. The weakness and limited number of the 
extra reflections prevents a unique solution being found at 
this stage. 
The refined structure is shown in projection down the c 
axis in Fig. 3. The inset shows the guest structure on the 
same scale. The host structure. which is the same as that 
found in Ba [10] and Sr [11], can be regarded as being built 
from two-dimensional nets containing square and triangu- 
lar arrangements of atoms. In the notation of Pearson [ 1 5]. 
these are 32434  nets since each atom forms part of three 
triangles (3) and two squares (4). arranged in the sequence 
"33434" around the atom. The host structure comprises 
such 32434  nets stacked along the z axis, at z = 0 and 
z = with those at z = offset by [, . 0]. The squares 
of these nets are centered above one another, forming chan- 
nels running along the z axis which are occupied by the 
atoms of the guest structure. The guest atoms also form 
planar nets. which, as they consist only of squares, are 
termed 44•  This body-centered guest structure is different 
from those so far found in Ba and Sr [10.11], but can be re- 
garded as a special case of the C-face-centered mnonoclinic 
4897 
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FIG. 3. Structure of Bi-Ill shown in projection down the c 
axis. The 32434  nets of the host structure located at ' 0 (dark 
grey symbols) and z = (light grey symbols) are outlined using 
solid and dashed lines, respectively. The guest atoms are shown 
using black symbols. The inset shows a perspective view of the 
guest structure on the same scale. 
guest found in Ba-IVa 1.101 with a monoclinic angle given 
by 7r/2 + arctan(cG/aG) = 110.47°. 
The Bi-ill structure appeals to be closely related to that 
of the compound ln5Bi3 [16]. The In5Bi3 structure com- 
prises six almost equally spaced 32434 nets stacked as in 
Bi-lil to make three unit cells of the Bi-111 host structure. 
Arranged within these layers are four equispaced planar 44 
nets which resemble four unit cells of the Bi-Ill guest struc- 
ture, except that the atoms are in a C-face-centered rather 
than body-centered arrangement. With that one exception, 
the monatomic equivalent of the In 5 Bi3 structure is strik- 
ingly similar to a Bi-Ill structure with a commensurate 
(J.J/C(; ratio of 4/3 = 1.333. However, the C,f/CG ratio 
of 1.309(l) in Bi-Ill is very significantly different from 4. 
and, being only very slightly pressure dependent, does not 
approach any commensurate value over the stability range 
of the phase. 
Two special features of an incommensurate host-guest 
structure are that the host cell contains a non-integer num- 
ber of atoms, and the density of the structure cannot be 
determined without a knowledge of the occupancy of the 
guest Sites. The quality of the present powder diffraction 
data does not allow US to obtain an accurate value for this 
occupancy: refinements showed a strong correlation be- 
tween the refined occupancy and the variable parameter of 
the preferred orientation model. However, the guest sites 
are known to be 100% occupied in Ba-IV 1101. If the same 
is assumed for Bi-lil, there are then CH/CG = 1.310 guest 
atoms in each channel, and hence a total of 10.620 atoms 
in the host cell at 6.8 GPa. The compression of Bi-IH 
assuming 100% guest-site occupancy is plotted in Fig. 4. 
The previously reported Bi-Ill data of Chen et al. [7,8] 
plotted according to their proposed structure (X) show the 
unphysical density decrease from Bi-11 referred to. When 
these data and the other previously reported data of Brug- 
ger [31 are plotted as the host-guest structure [17,18]. as 
shown (o), the agreement with our present results is very 
good. Our results give the volume changes (V/V0) at 
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FIG. 4. V/Vl) for Bi to 12 GPa. Data from the present study 
are shown using solid symbols; other symbols are identified in 
the figure. The inset shows compression data for Sb to it) GPa. 
The solid lines are guides to the eye. 
1.1 ( l)%, respectively. These values agree extremely well 
with the previous directly measured values of -3.3(3)% 
121 and =1.2(3)% 121. respectively, thus supporting 
strongly the assumed 100% guest-site occupancy. 
Although the structure of Bi-111 has long been uncer- 
tain, more contentious still has been the possible existence 
of two further transitions within the Bi-III stability field at 
4.3 and 5.3 GPa. Since the first report in 1935 [1), a large 
number of studies using a wide variety of experimental 
techniques have been unable to agree whether these tran- 
sitions are real or not [61. The host-guest nature of the 
structure opens up the intriguing new possibility of transi- 
tions occurring only within the guest component without 
affecting the host, such as we have already found in Ba and 
Sr [10,11']. We have looked for this in Bi-HI. but so far our 
data show no changes in either the guest reflections or in 
the two additional reflections marked in Fig. 2. However, 
our work on Ba suggests that these subtle transitions may 
be dependent on sample conditions, and hence sometimes 
appear and sometimes not. This would be an elegant solu- 
tion to an elusive problem, but further studies are needed. 
Prior to Bi-111, the P41n structure was proposed for 
the structure of Sb-11, stable above 8.6 GPa [91, and 
subsequently As-Ill, stable above 48 GPa [19,20]. We 
find that the reported d-spacings for Sb-11 at 9.5 GPa 
1211 and 12 GPa 191 can be fitted by the same host-guest 
structure as we report here for Bi-Ill 1221, with all = 
8.032(6) A. c tl = 3.899(4) A, and c; = 2.988(6) A 
at 9.5 GPa, and aq = 7.965(5) A. CJj = 3.858(4) A, and 
CG = 2.945(5) at 12 GPa. The c,,/aj j and c /i /cc; ratios 
of -0.485 and -1.307 are very close to those found in 
Bi-Ill. The resulting calculated volume change (V/V0 ) 
at the Sb-I - Sb-I'! transition is 6.4%, significantly larger 
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structure. However, neither of these values agrees with 
the 3.7% change reported by Bridgman from volumetric 
studies [23]. We have now made our own diffraction 
study of Sb-11. We observed 14 non-hk0 guest reflections 
in Sb-il, five of which (not reported in Ref. [9]) cannot 
be accounted for by the P41n structure. And the atomic 
volume of Sb-il obtained from our data lies very close 
to the compression data of Bridgman [.23], as shown in 
the inset of Fig. 4. As in Bi-Ill, the profiles from Sb-11 
contain some very weak reflections not accounted for by 
the host and guest unit cells. The two most intense of 
these reflections are in the same positions as the extra 
peaks observed in Bi [see inset (ii) of Fig. 11,  suggesting 
that they are a reproducible feature of these phases. 
The limited number of reflections reported for As-Ill by 
Greene et at. [19] can all be accounted for by the P4/n 
unit cell alone, and the host-guest structure thus provides 
no better a fit. The reported densities of As-II and As-1V 
[191 also offer no distinction between the two structures. 
However, in the light of the present results on Bi and Sb, 
it is not improbable that As-Ill too has the Ba-IV-type 
incommensurate structure. New high-quality diffraction 
data from As-ill are now required (see note added). 
The Ba-IV structure is thus emerging as a significant 
new type of atomic arrangement in metals. Furthermore, 
Schwarz et al. have recently reported a related structure 
for phase IV of Rb [24]. It has chains running through a 
(more complex) host structure, but the chains were found 
to be commensurate with the host [25]. The remarkable 
similarity of the Bi-Ili (and Ba-IV, Sr-V, and Sb-H) struc-
ture to the monatomic equivalent of the in5 Bi3 structure is 
intriguing. There are many other related 32434  structures 
[16], and Schwarz et at. 1'24'1 note that the Rb-IV struc-
ture resembles the metal-atom sublattice in another alloy 
structure, Si3W5, which is based on 32634  nets in the same 
notation [15,16]. All these relationships merit further in-
vestigation, and the origins of the entirely unexpected in-
commensuration need to be understood. First theoretical 
insights into the stability of the Ba-IV structure has now 
been obtained from calculations using a commensurate ap-
proximation [26], and Heine has suggested possible critical 
factors for the incommensuration such as charge density 
waves and the strength and form of the host-guest inter-
action [12]. Further work is also needed to determine the 
true structure of As-ill (see note added), and to look for 
similar and related structures in other elemental systems. 
We thank V. Degtyareva for first drawing our atten-
tion to the similarities between the published structures 
of Bi-Ill and Ba-IV, and for stimulating discussions, and 
S. A. Belmonte for assistance with experimental work. 
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Friedrich-Ebert-Stiftung for financial support. 
Note added.—Preliminary recent data are consistent 
with a tetragonal host and a monoclinic guest for As-Ill. 
'On leave from FB 6 Physik, Universitaet-Paderborn, 33095 
Paderhorn, Germany. 
P. W. Bridgman, Phys. Rev. 48, 825 (1935); 48. 893 (1935). 
A. A. Giardini and G. A. Samara, J. Phys. Chem. Solids 26, 
1523 (1965), and references therein. 
R. M. Brugger, R. B. Bennion, T. G. Worlton. and W. R. 
Myers. Trans. Am. Crystal1o. Assoc. 5, 141 (1969). 
M. J. Duggin, J. Phys. Chem. Solids 33, 1267 (1972). 
V. K. Fedotov, E. G. Ponyatovskii, V. A. Somenkov, and 
S.Sh. Shil'shtein, Soy. Phys. Solid Stale 20, 628 (1978). 
A. Yoneda and S. Endo, J. Appi. Phys. 51. 3216 (1980), 
and references therein. 
J. H. Chen, H. Iwasaki, T. Kikegawa, K. Yaoita, and 
K. Tsuji, in High Pressure Science and Technology; edited 
by S. C. Schmidt, J. W. Shaner, G. A. Samara, and M. Ross 
(American Institute of Physics, New York, 1994), p.  421. 
J. H. Chen, H. Iwasaki, and T. Kikegawa, High Press. Res. 
15, 143 (1996). 
H. Iwasaki and T. Kikegawa, High Press. Res. 6, 121 
(1990). 
R. J. Nelmes, D. R. Allan, M. 1. McMahon, and S. A. Bel-
monte, Phys. Rev. Lett. 83, 4081 (1999). 
M. 1. McMahon, T. Bovornratanaraks, D. R. Allan, S. A. 
Belinonle, and R. J. Nelmes, Phys. Rev. B 61, 3135 (2000). 
V. Heine, Nature (London) 403, 836 (2000). 
R. J. Nelmes and M. 1. McMahon, J. Synchrotron Radiat. 
1. 69 (1994). 
A. N. Fitch and A.D. Murray (unpublished). 
W. B. Pearson, The Crystal Chemistry and Physics of Met-
als and Alloys (Wiley-Interscience, New York, 1972). 
P. Villars, Pearson's Handbook Desk Edition (Materials 
International Society, Materials Park, OH, 1997). 
[171 The reindexed lattice parameters from Chen et al's 
3.2 GPa data are UH = ac = 8.678(3) A, 	1, = 
4.2502) A, c(1 = 3.24 1(3) A. 	From the 3.8 GPa 
data they are 0H 	aG  = 8.65 1(2) A, CH = 4.238(2) A, 
= 3.233(3) A. 
[IS] The reindexed lattice parameters from Brugger's 3.0 GPa 
data are aH = a( = 8.679(6) A, Cfl = 4.246(4) A, c0 
3.239(3) A. 
R. G. Greene, H. Luo, and A. L. Ruoff, Phys. Rev. B 51, 
597 (1995). 
H. Iwasaki, Phys. Rev. B 55, 14645 (1997). 
K. Aoki, S. Fujiwara, and M. Kusakabe, Solid State Coin-
mun. 45, 161 (1983). 
There are only three non-hkO guest reflections listed in 
Ref. [9] and three listed in Ref. [21]. 
P. W. Bridgman, Proc. Am. Acad. Arts Sci. 74, 425 (1.942). 
U. Schwarz, A. Grzechnik, K. Syassen, I. Loa, and 
M. Hanfland, Phys. Rev. Len 83, 4085 (1999). 
The Rb-IV structure might alternatively be interpreted 
as incommensurate but without interchain ordering 
[K. Syassen (private communication)]. 
S. K. Reed and G. J. Ackland, Phys. Rev. Lett. 84, 5580 
(2000). 
Mal 
Materials Science Forum Vols. 378-381 (2001) pp. 469-474 
© 2001 Trans Tech Publications, Switzerland 
Crystal Structure of the High Pressure Phase of Bismuth Bi-Ill 
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Abstract. Previous diffraction studies of the complex high-pressure structures Bi-ifi and Sb-
Ii are reviewed. Our structural studies on Bi under high pressure using angle-dispersive x-ray 
diffraction techniques with monochromatic synchrotron radiation and an image plate detector are 
described in detail. We report a solution for the Bi-ill structure that is similar to the 
incommensurate Ba-N-type structure. It is composed of two interpenetrating cells - a tetragonal 
host, and a tetragonal guest which is incommensurate with the host along the tetragonal axis. Some 
crystallographic aspects of the structure are discussed. 
Introduction. Bismuth has a rich variety of high-pressure polymorphic phases and these 
have stimulated a substantial number of structural studies [1]. Three pressure-induced structural 
transitions are known for Bi at room temperature. An ambient pressure rhombohedral structure of 
the As-type transforms to the monoclinic Bi-11 structure at 2.55 (JPa. At 2.7 GPa there is a further 
transformation to Bi-Ill, the structure of which has long been uncertain. On further compression, 
Bi-111 transforms at 7.7 GPa to a bcc phase (Bi-V). 
The high-pressure phase Bi-Ill has a long history starting in 1934, when Bridgman detected 
a large volume change by volumetric measurements [2]. The diffraction photograph of Bi-111 was 
noted to be similar to that of the high-pressure phase of antimony (hereafter named Sb-11) 1131. 
Antimony is known to transform at 8.6 GPa from an ambient pressure structure of the As-type to 
the complex Sb-H structure [4]. This is stable up to 28 GPa, where it transforms to a body-centred 
cubic (bcc) structure. Over the last four decades various structural solutions have been proposed for 
Bi-111 and Sb-H. 
X-ray diffraction studies in Russia in the 1960's [5-71 reported first a hexagonal close 
packed (hcp) and then a monoclinically distorted SnS-type structure. In 1969, Brugger et a! [8] 
collected neutron diffraction data from Bi-Ill, revealing the complexity of the structure. Although 
they listed the positions of 43 Bragg reflections, no solution was proposed [8]. In 1972. Duggin [9] 
analysed the data of Brugger et al for Bi-111 [8] and the data of Kabalkina et a! for Sb-11 [71 and 
proposed a tetragonal cell with a = 8.805 A and c = 6.475 A for Bi-ill at 3.0 GPa. A neutron 
diffraction study of Bi-ifi by Fedotov ci a! [101 suggested an orthorhombic structure. However, in 
neither case is the fit to the experimental data convincing. A 1986 study of Sb-11 in Japan using x-
ray diffraction with improved resolution suggested a new monoclinic structure [ 1 1]. 
The advent of new angle-dispersive x-ray diffraction methods in the 1990's, using 
monochromatic synchrotron radiation and an image-plate area detector, have enabled diffraction 
data of unprecedented quality to be obtained for Sb-il and Bi-HI [12-141. Using such techniques, a 
primitive tetragonal cell with 10 atoms (tPlO), space group P4/n, has been proposed for Sb-il and 
13i-11I [12-14], with a = 8..659 A, c = 4.238 A for Bi-HI at 3.8 GPa [14]. This structure provides a 
very good fit to the reported peak positions and appears to account for all 48 observed Bragg 
reflections of Si-ill. However, the calculated atomic volume at 3.2 GPa [13] and 3.8 GPa [14] 
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would require a volume increase of 2.0(1)% at the Bi-11 to Bi-III transition. This is clearly 
unphysical and suggests the rPlO structure of Bi-Ill is incorrect. In fact, some reflections which are 
discernible (but not mentioned) in the diffraction pattern obtained in Ref. [14] are not accounted for 
by the tPlO structure, suggesting the structure to be still more complex. More recently, Maclean 
[15], also using image-plate techniques, proposed the structure of Bi-Al and Sb-il to be a small 
monoclinic distortion of the tPlO cell. This cell explained all the observed reflections for Bi-111
, but 
still gives an unphysically large atomic volume in relation to Bi-H. 
In the last two years, the use of image-plate techniques has led to the solution of many of the 
remaining unknown high-pressure structures of the elements. The high-pressure structure of Si-VI, 
unsolved for 15 years, has been reported by Hanfland et al [16] and is a large, orthorhombic cell 
with 16 atoms, oC16. The same structure has recently been proposed for the high-pressure 
structures of Cs-V and Rb-VT by Schwarz et al [17,18], and for the high-pressure - high-
temperature modification of Bi (Bi-IV) by Degtyareva [19]. The complex high-pressure structure of 
Rb (Rb-TV) has been shown to be composed of two subsets of Rb atoms, forming channels and 
chains [20]. And a remarkable new type of elemental crystal structure has been discovered in the 
elements Ba and Sr by Nelmes et a! [21,22]. The structures of Ba-N and Sr-V are composed of two 
interpenetrating tetragonal cells, which are incommensurate with each other along the tetragonal 
axis. 
The atomic arrangement in the tPlO structure proposed for Bi-111 [14] is strikingly similar to 
that of Ba-TV [21] when viewed along the c-axis. In the light of this we have re-examined the 
structure of Bi-HI, and report a solution based on the incommensurate Ba-N-type crystal structure. 
Experimental. Experiments were done with a sample of 99.999% purity (single crystal 
grade) obtained from the Institute of Rare Metals, Russia. Angle-dispersive powder diffraction data 
were collected on station 9.1 at the Synchrotron Radiation Source (SRS), Daresbury Laboratory, 
UK, with a wavelength of 0.4654 A, using an image plate area detector [23]. Polycrystalline 
samples were obtained by grinding small pieces of Bi at room temperature, resulting in very thin 
flakes. High-pressure cells of the Merrill-Bassett and Mao-Bell type were used for pressure 
generation. The gasket hole was 150 tm in diameter and 70 p.m thick, and contained the sample, a 
4:1 rnethanol:ethanol mixture to obtain hydrostatic pressures, and a small chip of ruby for pressure 
measurement. The 2-d diffraction images of complete, or nearly complete, diffraction rings were 
integrated azimuthally to obtain l-d profiles [23]. Structural information was obtained by Rietveld 
refinement of the integrated profiles using the program MPROF [24]. 
Results. Diffraction patterns collected at ambient pressure revealed the sample to be finely 
powdered, with little preferred orientation. On pressure increase at room temperature, diffraction 
patterns of Bi-I remained smooth, while the diffraction patterns obtained from Bi-il and, in 
particular, Bi-RI were highly textured. This arises through recrystallisation at the 1-411 and 11-4111 
transitions because of the low melting temperature of Bi-H [1]. Further increases in pressure 
resulted in a phase transition to the body-centered cubic phase, Bi-V, at 8 GPa. On pressure 
decrease, the diffraction pattern of Bi-ifi was significantly more textured than that obtained on 
pressure increase, and contained several strong reflections from sizeable crystallites (Fig. 1). In 
addition, the diffraction pattern contained three parallel lines of diffuse scattering. Similar diffuse 
scattering was recently reported in high-pressure phases of the elements Ba and Sr [21,221, where it 
arises from disorder between 1-dimensional chains of atoms in a complex incommensurate host-
guest structure. The existence of diffuse scattering suggested that Bi-HI might have a similarly 
complex structure containing 1-dimensional chains. As the solution of Ba-N was possible only 
through the growth of a single-crystal sample [21], attempts were made to grow a single crystal of 
Bi-ill. Trials using small cut pieces of Bi, rather than ground samples, revealed that single-crystal 
samples of Bi-Ill could be obtained quite readily by firstly increasing the pressure above 9-10 GPa 
into phase V, and then decreasing the pressure slowly back into phase ifi. 
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Fig. 1: Diffraction pattern of Bi-Ill at 6.1 GPa 
after 8h exposure. The parallel lines of diffuse 
scattering come from a single crystallite and are 
caused by disorder between the chains of atoms. 
Fig. 2: 2-d image from a single crystallite of Bi-111 at 
4.5 GPa. Two classes of single-crystal reflections are 
indexed: those lying on the lines of diffuse scattering 
(is) are guest reflections, and those not on diffuse 
lines (IH)  are host reflections. 
The diffraction pattern from a sample at 4.5 GPa obtained using this technique is shown in 
Fig. 2. It contains some 24 single-crystal reflections which can be divided clearly into two classes - 
those lying on the lines of diffuse scattering, and those not. Ab initio indexing of the two classes of 
reflections using the program DICVOL [25] revealed that those lying on the lines without diffuse 
scattering are accounted for by a tetragonal cell with aH = 8.6018(5) A and CH = 4.2073(4) A, while 
those lying on diffuse lines are accounted for by a second tetragonal cell with ac = 8.6019(7) A, and 
CG = 3.2112(4) A. The systematic absences are consistent with space groups 14/incm and !4/tn,n,n. 
respectively. It would appear that, as in Ba and Sr [21,22), Bi-HI is a complex structure composed 
of two interpenetrating cells: a tetragonal host, and a tetragonal guest that is incommensurate with 
the host along the c-axis. The host cell is body-centered tetragonal with 8 atoms occupying position 
8h (x x+ 1/2 0) of the space group 14/mcm, with x = 0.15. The guest cell in Bi-ID is body-centered 
tetragonal with 2 atoms occupying position 2a (0 0 0) of the space group 14/mrnm. 
To be able to refine the structure of B i-Ill, we attempted to minimise recrystallisation, and 
thereby produce smoother powder patterns, by increasing the pressure at low temperature, further 
away from the Bi-il melting curve. 
g 
Hi-Ill P=6.8GPa 
10 	15 	20 	25 
20 (deg.) 
Fig. 3. 2-d image of Bi-111 at 6.8 GPa and room 	Fig. 4: Rietveld refinement of the Bi-III at 6.8 
temperature obtained by increasing pressure at GPa with the 'host-guest' structure. Tick marks 
low temperature. Smooth diffraction rings are 	on the refinement show the peak positions from 
observed, and no diffuse scattering can be (upper set) host reflections and (lower set) guest 
detected. 	 reflections. 
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A ground sample was initially increased in pressure to 2 GPa, and then cooled to 200 K. At 
this temperature the pressure was increased into phase ffi, and the sample then allowed to warm 
back to room temperature, where the pressure was measured as 6.8 GPa. The diffraction pattern 
from this sample shown in Fig. 3 is considerably smoother than those obtained on pressure increase 
at room temperature, without any large crystallites and with some preferred orientation. A Rietveld 
fit to the integrated profile obtained from this pattern is shown in Fig. 4. As in Ba and Sr, it is 
necessary to fit the Bi-Ell structure using two separate phases, and separately modelling the 
intensities of the hk0 reflections which have contributions from both host and guest components. 
This method of fitting is described in Refs. [21,22]. The resulting fit can be seen to be very good. 
Remaining discrepancies between observed and calculated profiles arise from the limitations of the 
preferred orientation model used in MPROF. The refined value of the host structure x coordinate is 
given in Table 1, compared to that in Ba-1V and Sr-V. 72 reflections of Bi-ifi are resolved in the 
integrated profile in Fig. 4, and all reflections except two extremely weak peaks are accounted for 
by the 'host-guest' structure. 
The host cell is made up of square-triangle nets (Pearson notation 32434)  at a = 0 and 1/2, 
oriented antisymmetrically relative to each other. The superposed squares form octagonal channels, 
which are occupied by chains of guest atoms along the tetragonal c-axis (Fig. 5). Both tetragonal 
cells have the same parameter a, and the c parameter of the host cell is incommensurate with that of 
the guest cell. The chains of guest atoms are correlated with each other, forming a 3-d body-
centered tetragonal structure. However, this correlation is partially disordered in position along the 
c-axis, causing the diffuse scattering. 
A curious feature of the incommensurate host-guest structure is that the host cell contains a 
non-integer number of atoms, which changes with pressure. If the guest sites are assumed to be 
100% occupied - as is the case in Ba-IV [2 11 - there are then CH ICG = 1.3W guest atoms in each of 
two channels in the host unit cell of Bi-Ill at 6.8 GPa, and thus 8 + 2* CH/CG = 10.620 atoms in total 
in the host unit cell. As the CH /CG ratio slightly decreases with pressure from 1.311(1) at 3 GPa to 
1.309(1) at 8.5 GPa, the number of atoms changes from 10.622(1) to 10.618(1) over this range. 
Relative compression of the unit cell (V/V 0), calculated from the host-guest structure, is 
0:849 at 3 GPa, which is in good agreement with volumetric measurements [26]. The host-guest 
structure gives volume changes (EVN 0) at the ll—llI and rn—N phase transitions of 3.5(1)% and 
l.l(l)%, which agree very well with the previous directly measured values of 3.6% and 1.5%, 
respectively [1]. 
Two further transitions within the Bi-Ill stability field have been reported in a number of 
studies at 4.3 and 5.3 GPa. However, other studies have failed to observe these transitions (see Refs. 
cited in [1]). Despite detailed study, we have not observed any structural transitions within the 
Bi-Ill. It is possible that a transition in electronic structure can be detected by other techniques, or 
that the transitions simply do not occur in every sample. 
Discussion. As summarised in Table 1, the same host structure as for Bi-HI has been 
reported for Ba-IV and Sr-V [21,22]. The body-centered tetragonal guest cell in Bi-ifi is different 
from those reported in Ba and Sr (face-centered tetragonal, monoclinic, and orthorhombic). All 
these guest structures are formed by chains of atoms and differ only by a shift of chains along the c-
axis with respect to each other. Correlation between chains of atoms is possibly weaker than 
between the atoms in chains. The observation of diffuse scattering in addition to Bragg reflections 
from the guest cell means that some of the guest chains are randomly disordered in their positions 
along the c-axis. This creates planes of diffuse scattering in reciprocal space, and the intersection of 
these planes with the image-plate plane is observed on the diffraction patterns as diffuse lines (Fig. 
1 and Fig. 2). As the disorder involves displacements along the c-axis, there is no diffuse scattering 
through the origin of the reciprocal lattice (IH,G =0). 
Diffraction patterns from Bi-Ill contain an interesting feature. Reflections with I ;e 0 have 
a contribution from either only the host cell or only the guest cell, while hko reflections have 
contributions from both the host and guest cells. This reflects the fact that the guest cell explores 
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all positions relative to the host cell along the c-axis. Although host and guest cells are 
independent along the c-axis, they are correlated in the a-b plane, as both tetragonal cells have 
the same lattice parameter a. The host and guest structures thus scatter coherently in this plane. 
As was pointed out above, the ratio c,, ICC 
decreases with pressure slightly, showing that the 
compression of the host and guest cells are slightly . 
different. The slighter higher compression of the 
host cell means that some of the atoms in the guest ' 1 
chains must be 'squeezed out' of the host structure . 
with increasing pressure. The same effect takes  
place more strongly in Ba-IV, where the CH /cG ?.. 7/ 
ratio decreases significantly with pressure [21]. A . 	 A 	C 
In the previously-proposed solutions for .' -. - 
Bi-Ill structure, it is interesting to note that the cell - 
parameters from Duggin [9] are related to the 
host-guest cell as follows: a DaWn = aH 	 aG, 
C oflI2 = cG. The tPlO cell, proposed by Iwasaki 
et at [14], has the same dimensions as the host 
cell. However, it cannot account for 9 additional 
reflections observed in the present study, nor can i 
it account for or index the two classes of single- ILL: crystal reflections shown in Figure 2. 
As was mentioned before, two very weak 
peaks, the intensities of which vary from sample 
to sample, are observed in the current study but 
are not accounted for by the host-guest structure. 	Fig. 5: Structure of Bi-HI shown in projections 
This could mean that the structure of Bi-III is yet (top) along the c-axis and (bottom) 
more complex, perhaps containing a second form 	
perpendicular to the c-axis. The host atoms are 
of the guest phase, as is observed in Ba-IV [21]. 
indicated by light grey and dark grey symbols,
and guest atoms by open symbols. The position 
Our preliminary results on Sb-H [27] show that it 	of the guest cell with respect to the host along 
has the same incommensurate host-guest structure the c-axis is not defined, as is indicated by 
as Bi-Ill, and also contains a number of similar 	arrows along the c-axis. 
additional weak reflections. Further detailed 
diffraction studies are required to identify the cause of these extra peaks. 
TABLE 1. Results of structural refinement for Bi-HI compared to the structures of Ba-TV [21] and 
Sr-V [22]. The host cell in Bi-Ill, Ba-TV and Sr-V is body-centered tetragonal, space group I4Imcm, 
and atoms occupy the 8/i position (x, x-f0.5, 0) with x = 0.15. The guest cell in Bi-III is tetragonal 
body-centered. In Ba-TV and Sr-V it is tetragonal C-face centered. 
Bi-III Ba-TV Sr-V 
Lattice parameters at 6.8 GPa at 12 GPa at 56 GPa 
aH=aG(A) 8.5182(2) 8.421(1) 6.958(2) 
CH (A) 4.1642(2) 4.7369(4) 3.959(2) 
CG (A) 3.1800(3) 3.4117(5) 2.820(1) 
CU/CC 1.309 1.388 1.404 
Atomic position x 0.1536(3) 0.1486(1) 0.1460(2) 
Vat (A) 28.45 31.17 17.73 
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In conclusion, we have solved the long standing problem of the structure of the high-
pressure phase ifi of the element Bi from high-quality single-crystal and powder diffraction data. 
This phase has a composite incommensurate structure, similar to those recently reported for Ba-TV 
and Sr-V. This solution gives a very good fit in Rietveld refinement, accounts for the complex 
diffraction pattern observed in single-crystal data, and - unlike previously proposed solutions - 
provides a plausible atomic volume. 
Acknowledgements. We thank V.F. Degtyareva for first drawing our attention to the 
similarities between the published structure of Bi-ill and Ba-TV, and for stimulating discussions, 
and S.A. Belmonte for assistance with experimental work. We acknowledge technical support from 
M.A. Roberts and A.A. Neild. This work is supported by grants from the EPSRC, funding from the 
CCLRC, and facilities provided by Daresbury Laboratory. M.I.M. acknowledges support from the 
Royal Society. O.D. is grateful to the Friedrich-Ebert-Stiftung for financial support. 
References. 
* On leave from: The University of Paderborn, Germany 
* E.Yu. Tonkov, High pressure phase transformations: a handbook, Gordon and Beach (1992), 
P.W. Bridgman, Phys.Rev. 48, 825 (1935), ibid Phys.Rev. 48, 893 (1935). 
T.R.R. McDonald, E. Gregory, G.S. Barberich, D.B. McWhan, T.H. Geballe, J.W.Hull, 
Phys. Lett. 14, 16 (1965). 
The high pressure phase of antimony Sb-IL with a similar structure to Bi-111 was earlier 
designated as Sb-Ill, as it was thought that there existed another phase Sb-11 with the simple cubic 
structure, until it was shown that it does not form [D.Schiferl, D.T.Cromer, J.C.Jamieson, Acta 
Cryst B37, 807 (1981)1. 
S.S. Kabalkina, L.F. Vereshchagin, and V.P. Mylov, Dokl. Acad. Nauk SSSR 152, 586 (1963) 
[Soy. Phys. Doki. USSR 8,917 (1964)]. 
L.F. Vereshchagin and S.S. Kabalkina, Zh. Eksp. Teor. Phys. 47, 414 (1964) [Soy. Phys. JETP 
20,274 (1965)]. 
S.S. Kabalkina, T.N. Kolobyanina, and L.F. Vereshchagin, Zh. Eksp. Teor. Phys. 58, 486 (1970) 
[Soy. Phys. JETP 31, 259 (1970)]. 
R.M.Brugger, R.B. Bennion, T.G. Wonton, W.R. Myers, Trans. Am. Cryst. Assoc. 5, 141 (1969) 
M.J. Duggin, J. Phys. Chem. Solids 33,1267 (1972). 
V. K. Fedotov, E. G. Ponyatovskii, V. A. Somenkov, and S. Sh. Shil'htein, Soy. Phys. Solid 
State 20(4), 628 (1978). 
H. Iwasaki and T. Kikegawa, Physica 139&140B, 259 (1986). 
H. Iwasaki and T. Kikegawa, High Pressure Research 6, 121 (1990). 
J.H. Chen, H. Iwasaki, T. Kikegawa, K. Yaoita, and K. Tsuji, in High-Pressure Science and 
Technology, ed. by S.C. Schmidt, J.W. Shaner, G.A. Samara, and M. Ross (Alp, NY, 1994), p. 421 . 
J.H. Chen, H. Iwasaki, and T. Kikegawa, High Pressure Research 15, 143 (1996). 
J.R. Maclean, PhD Thesis, The University of Edinburgh (1998). 
M.Hanfland, U. Schwarz, K. Syassen, and K. Takemura, Phys. Rev. Lett. 82, 1197 (1999). 
U. Schwarz, K. Takemura, M. Hanfland, and K. Syassen, Phys. Rev. Lett. 81, 2711(1998). 
U. Schwarz, K. Syassen, A. Grzechnik, M. Hanfland, Solid State Commun. 112, 319 (1999). 
V.F. Degtyareva, Phys. Rev. B 62, 9 (2000). 
U.Schwarz, A.Grzechnik, K.Syassen, I.Loa, M.Hanfland, Phys. Rev. Lett. 83, 4085 (1999). 
R.J. Nelmes, D.R. Allan, M.LMcMahon, and S.A. Belmonte, Phys. Rev. Let. 83, 4081 (1999). 
M.I. McMahon, T. Bovomratanaraks, D.R. Allan, S.A. Belmonte, and R.J. Nelmes, Phys. Rev. 
B 61, 3135 (2000). 
R.J. Nelmes, M.1.McMahon, J.Synchr.Rad. 1, 69 (1994). 
A.N. Fitch and A.D. Murray, report, 1990 (unpublished). 
A. Boultif and D. Louer, J. AppI. Cryst. 24,987 (1991). 
P.W. Bridgman, Proc. Amer. Acad. Arts and Sciences 74,425 (1942). 
0. Degtyareva, M.I. McMahon, R.J. Nelmes, Phys. Rev. (submitted). 
PHYSICAL REVIEW B 67, 212105 (2003) 
Ordered Si-VI-type crystal structure in BiSn alloy under high pressure 
Valentina F. Degtyareva 
hisrittite of Solid State Physics, chernogolovka. Moscow District, 142432 Russia 
Olga Degtyareva and Dave R. Allan 
School of Physics and Centre for Science at Extreme Conditions, The University of Edinburgh, Maifield Road, Edinburgh, 
EH9 31Z, United Kingdom 
(Received 23 June 2002; revised manuscript received 24 February 2003; published 12 June 2003) 
The crystal structure of a high-pressure phase of the BiSn alloy has been solved from synchrotron powder 
diffraction data. The alloy with a two-phase mixture Bi + Sn was found to transform into a new intermediate 
phase after annealing at 150 °C under a pressure of 3 GPa. The structure is of the Si VI type: orthorhombic 
with 16 atoms in the unit cell, space group Cmca. Two symmetrically distinct atomic sites allow a (partial) 
ordering in the structure. The Cmca structure transforms to a disordered body-centered cubic structure 
at 12 GPa. 
1)01: 10.1 l03/PhysRevB.67.2l2 105 
Group IV and V elements undergo a sequence of high-
pressure structural transitions towards close-packed high-
symmetry structures via low-symmetry intermediate phases 
with rather complex structures. A remarkable example of this 
complex behavior is Si VI-----a high pressure phase between 
the simple hexagonal (sh) and hexagonal close-packed (hcp) 
phases of Si. 1 The application of high-resolution x-ray 
powder-diffraction techniques with the image-plate area de-
tector allowed the structure of this phase to be solved in the 
orthorhombic Cmca space group with 16 atoms in the unit 
cell (Pearson notation oC16). 2 A similar structure has also 
been found recently for Ge between 100 and 180 GPa. 3 In 
addition to the group IV elements this structure has also been 
found at high-pressure in the alkali elements caesium (Cs V) 
and rubidium (Rb VI)  .4'5 
The discovery of the Cmca-oC16 structure has stimu-
lated theoretical works on the stability of this phase in Cs, Si, 
and Ge.36 12  The ab initio calculations in these studies con-
firm the occurrence of the Cnzca phase and the phase transi-
tion sequences and transition pressures agree with those 
found experimentally. 
The Cmca crystal structure had been previously observed 
in the elements and it would be of interest to find other 
representatives of this structure type so that the factors gov-
erning its formation and stability can be better understood. It 
was previously pointed out" that there is a similarity be-
tween the diffraction patterns of Si VI and an intermediate 
high-pressure phase in Bi-Pb alloys. 14  This phase was ob-
tained by pressure quenching of Bi 811Pb21 and Bi701n30 
alloys. ' 4" 5 The diffraction patterns of the intermediate phases 
of Bi-Pb and Bi-In alloys were fitted with the Crnca-oC16 
structure 16  of Si V!. 2 In situ neutron diffraction data 17  indi-
cated a close relationship between the high-pressure interme-
diate phases in Bi-based alloys with Pb, In, and Sri and one 
of the (high-pressure/high-temperature) forms of bismuth, Hi 
IV. The Bi IV phase, studied at 3.9 GPa and 503 K, 18 has 
also been allocated the Si VI type structure. 16  It is expected 
that the intermediate high-pressure phase in Bi-Sn also has 
the same Crnca-oC16 structure. 
The Bi-Sn binary alloy system is a simple eutectic type 
with a limited range of mutual Bi and Sri solubility at ambi- 
PACS number(s): 61 .50.Ks, 61.1 0.Eq, 61 .66.Dk 
ent pressure.' 9 The formation of an intermediate high-
pressure phase above 2 GPa in the equiatomic BiSn alloy 
was first pointed out by Bridgman from volumetric and re-
sistivity studies. 2(1 Later Ponyatovskii has studied the forma-
tion of this phase by differential thermal analysis and con-
structed a T-P phase diagram for the BiSn alloy. 2 ' 1-ugh-
pressure structural studies of the BiSn alloy were performed 
first with x-ray 22  and neutron -13 diffraction. The formation of 
an intermediate phase, assigned the X phase, was confirmed, 
although the structure could not be solved. Volumetric mea-
surements indicated a volume discontinuity at the transition 
of 3.9%, at 1.8 GPa and ambient temperature, 22  and 4.2% at 
1.2 GPa and 100°C. 23 
An attempt was made to stabilize the X phase in the BiSn 
alloy by "pressure quenching" to ambient pressure 24 in es-
sentially the same way that the intermediate phases of Bi-Pb 
(Ref. 14) and Bi-in (Ref. 15) can be quenched. However, in 
the quenched BiSn alloy a single phase with a white tin 
structure, a solid solution of Bi in ,&-Sn, was found. Later, 
structural studies on BiSn in a diamond anvil ce11 25 con-
firmed the formation of the X phase at about 2 GPa but did 
not provide data of sufficient quality for structure determina-
tion. On pressure increase above 10 GPa a further transition 
to a body-centered cubic phase was observed .25 
The superconducting transition temperature (To)  in BiSn 
alloy at ambient pressure is 3.7 K, a characteristic of f3-Sn in 
the phase mixture with nonsuperconducting Bi. Under pres-
sure, after the formation of the intermediate phase on the 
annealing at 363 K and 3.0 GPa, an increase in T to 7.4 K 
was observed. 26 
In this paper we report the in situ observation of the BiSn 
intermediate high-pressure phase of nearly equiatomic com-
position (40/60 at. %). The structure is refined in the 
Crnca-oCl6 symmetry, and is shown to be partially site 
ordered. 
A BiSn alloy of equiatornic (50150) composition was pre-
pared by melting Bi and Sri powder of SN purity in an evacu-
ated silica capsule. Angle-dispersive powder diffraction data 
were collected on station 9.1 at the Synchrotron Radiation 
Source (SRS), Daresbury Laboratory, using a diamond anvil 
cell and an image-plate area detector, with a wavelength of 
0163-1829/2003/67(21)/2121 05(4)/$20.00 	 67212105-1 	 ©2003 The American Physical Society 
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0.4654(1) A. 27 The gasket hole with a diameter of 150 m 
was filled with a piece of the sample, a 4:1 methanol:ethanol 
mixture as a pressure medium, and a small chip of ruby for 
pressure measurement. The size of beam collimator was 
75 am. The 2D images were integrated azimuthally, 27  and 
structural information was obtained by Rietveld refinement 
of the integrated profiles using the program GSAS. 28 
At ambient conditions the diffraction patterns of the BiSn 
alloy show a mixture of two phases corresponding to the 
pure elements Sri and Bi. The tetragonal fl-Sn phase has 
lattice parameters a5.8376(1) A and c=3.1823(2) A, 
and the rhombohedral Bi 1 phase has a= 4.5393(l) A and 
c= 11.8530(3) A (hexagonal setting). Both sets of lattice 
parameters are in a very good agreement with the data for the 
pure elements. 29 Rietvcld refinement of a pattern at ambient 
conditions is shown in Fig. 1 (upper panel). The I? factors are 
wRp = 7.4%, Rp = 5.2%. Refinement of the phase fraction 
gives 0.40(1) for Bi I and 0.60(1) for /3-Sn. The composition 
of the sample is therefore 40 at. % Bi and 60 at. % Sri. Thus, 
the composition of the alloy studied in the DAC is different 
from the bulk alloy composition. This is because the bulk 
Bi50Sn, alloy consists mainly of a fine grained eutectic 
phase mixture Bi+Sn of composition 43/57 (Bi/Sn), and a 
small amount of large grains of Bi. The sample, encapsulated 
in the DAC, contains predominantly the fine-grained part 
close to the eutectic composition. 
On pressure increase at room temperature the sample 
shows phase transformations according to the known trans-
formations of the components. 8-Sn transforms to a body-
centered tetragonal (bct) structure at around 9 GPa, and the 
high-pressure phases of bismuth, Bi Ill and bec, were ob-
served above 3 and 8 GPa, respectively. 
The formation of the intermediate phase was obtained af-
ter annealing the sample at 2.9 GPa and 150 °C for I h. The 
diffraction pattern observed after annealing corresponded to 
that of the X phase. 23.1-5  On further pressure increase this 
phase was found to remain stable up to 12 GPa, where it 
transforms to a bce phase. The bcc phase was observed up to 
15 GPa, the maximum pressure reached in this study. On 
pressure decrease, the reverse transformation from bce to the 
X phase occurs at a much lower pressure of 8 GPa, showing 
that there is a large hysteresis. After pressure release, the X 
phase of BiSn6() decomposes into pure Sn and Bi. Repeated 
pressure increase results in the formation of the X phase, 
without additional heating. This shows that once the kinetic 
barrier has been overcome by annealing, the stable X phase 
will be formed readily under pressure. 
The Xphase diffraction pattern (Fig. 1, middle panel) has 
been fitted with a C-centered orthorhomnbic structure with 16 
atoms in the unit cell. The lattice parameters at 5.8 GI-'a are 
a= 10.7345(5) A, b6.3270(7) A, c6.3115(8) A. The 
atoms occupy positions 8/ and Sd of the space group cmca. 
During structural refinement the atomic positions were first 
given the same values as in the other known Cmca-oC16 
structures (Table 1). A Rietveld refinement with a disordered 
structure, where the positions 8f and 8d are both occupied 
randomly by 60% Sn and 40% Bi, shows significant misfits 
in intensities. This suggests that the structure is ordered (or 
Bi40Sn60 aIIoy 
p-Sn + B-I 
ambient pressure 
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FIG. 1. Diffraction patterns from the Bi 40Sn60 alloy (crosses) 
and a Rietveld refinement fit (line). Below the patterns are the tick 
marks showing the peak positions of the phases and the difference 
curves between the observed and calculated profiles. Upper panel: 
the ambient pressure pattern with two phases /3-Sn (upper tick 
marks) and Bi-I (lower tick marks). Indices of the principal peaks of 
/3-Sri (hid peaks) and for Bi-I (hid peaks) are indicated. Middle 
panel: the pattern at 5.8 GPa with the Cmca-oCl6 phase, (par-
tially) site ordered. The insets show expanded views of the two 
low-angle peaks and of the first group of strong reflections, with 
their hkl indices. Lower panel: the pattern at 15 GPa with the body-
centered cubic phase, site disordered. The indices of the diffraction 
peaks are shown. 
partially ordered). Moreover, the difference reflection (Ill), 
which is absent in the Crnca-oCI6 structures of the ele-
ments Si, Ge, Cs, and Rb, 25 has a nonzero intensity in the 
pattern of the Bi40Sn60 alloy (see Fig. 1, middle panel, left 
inset). As the amount of Bi and Sri atoms in Bi 4 Sn 9 is not 
the same, we can not expect complete ordering of the struc-
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TABLE I. Structural details of all the known Cmca-oC16 phases, formed under pressure in the pure elements Cs, Rb, Si, Ge, and Bi and 
in Bi alloys with In, Sn. and Pb. This phase in Sn-Bi alloy is partially ordered. 
Phase Bi40Sn60 Bi50Pb20 Bi70In 0 Bi-IV Si-VI Ge Cs-V Rb-VI 
at 5.8 GPa quenched from quenched from 3.9 GPa 38.4 GPa 135 GPa 12 GPa 48.1 GPa 
(this work) 1.7 GPa to AP 2.0 GPa to AP 503K (Ref. 2) (Ref. 3) (Ref. 4) (Ref. 5) 
(Ref. 16) (Ref. 16) (Ref. 16,18) 
a(A) 10.7345(5) 11.209 11.236 11.121 8.024 7.885 11.205 9.372 
b(A) 6.3270(7) 6.672 6.555 6.580 4.796 4.655 6.626 5.5501 
c (A) 6.3115(8) 6.658 6.531 6.58() 4.776 4.651 6.595 5.5278 
V (A) 26.79 31.12 30.07 30.09 11.49 10.67 30.60 17.97 
a/c 1.701 1.684 1.721 1.690 1.680 1.695 1.699 1.689 
b/c 1.002 1.002 1.004 -1 1.004 1.001 1.005 1.004 
dç , 0 	(A) 2.985 3.242 3.146 3.220 2.340 2.315 3.235 2.764 
d105 (A) 3.434 3.592 3.600 3.545 2.545 3.084 3.570 3.046 
do h. (A) 3.26-3.33 3.43--3.49 3.37--3.44 3.38-3.44 2.44--2.5l 2.38--2.51 3.40•--3.47 2.81-2.90 
v(8f) 0.1670(1) 0.172 0.170 0.173 0.173 0.164 0.173 0.170 
Z(8f) 0.3337(1) 0.328 0.330 0.327 0.328 0.313 0.327 0.318 
x(8d) 0.2124(1) 0.214 0.212 0.216 0.218 0.218 0.216 0.211 
structure must be in an intermediate state between complete 
order and complete disorder. 
The refined site occupancy and atomic positions are 
as follows. 8.1:  x=0, v0.1670(l), z0.3337(1) with 
85% Sri and 15% Bi, 8d: x0.2124(1), y=O, z=0 with 
35% Sri and 65% Bi. Figure 1 (middle panel) shows a Ri-
etveld refinement of a 13i 40Sn60 pattern at 5.8 GPa with the 
Crnca-oC16 structure. The R factors are wRp 5.6%, Rp 
4.4%. Whereas the Cmca-oC16 structure appears to be 
(partially) ordered, the high-pressure bce structure is com-
pletely disordered. No "superstructure" reflections were ob-
served in the diffraction pattern recorded at 15 GPa (Fig. 1, 
lower panel) fitted with a bce structure [a= 3.6336(1) A]. 
Observation of the bce structure in the Bi 40Sn60 alloy im-
plies an existence of continuous solid solution region from 
Sri to Bi in Sn-Bi alloy system under pressure. The bce phase 
is known as an ultimate high-pressure form for both compo-
nents: Sri from -40 GPa to at least 120 GPa (Ref. 30) and 
Bi from 8 GPa to at least 222 GPa. 31 
Variation of atomic volume with pressure for the 
Ctnca-oC16 and bee phases in the 8i40Sn60 alloy is shown 
in Fig. 2. The atomic volume change at the transition from 
the C'mca to the bce phase is found to be 0.6% at 12 GPa 
(calculated as A V divided by the atomic volume at the tran-
sition pressure). The volumetric measurement data from Ref 
20 show an atomic volume for the Bi 40Sn60 alloy before and 
after the transition to the cinca phase. The atomic volume 
for the Crnca phase obtained from our x-ray diffraction study 
agrees very well with the volumetric data. 2° The atomic vol-
ume data from 20  gives --4% atomic volume change at the 
transition to the C'mca phase. The atomic volume for the 
quenched $-Sn phase, from Ref. 24, appears to lie on the 
extrapolation of the cnica P-V curve back to ambient 
pressure. 
The Csrnca-oC16 structure has been found under high 
pressure in several elements: group IV elements Si and Ge; 
the group V element Bi; and alkali group I elements Cs and 
Rb. Now the Cmca-oC16 phase has been observed in the 
B i-Sn alloy system with evidence of a site-ordering in 
the crystal structure. Observation of the site-ordered 
Cmca-oC16 phase in the Bi-Sn alloy indicates a preferred 
occupation of 8d and 8f atomic positions by different types 
of atoms, for a binary system with a content close to equi-
atomic composition. Comparison of all the Cmca-oC16 
structures (Table I) indicates a clear similarity in the ob-
served axial ratios bca:3 and atomic positions y(8J) 
1/6 and z(8f)' 1/3. This implies the importance of these 
particular values for the stability of the structure. 
It is interesting to compare the volume changes accompa-
nying the transitions for the various elements into the Gmca 
phase. The transition pressures, and volume changes at the 
transitions, are summarized in Table 11. The coordinanation 
0 Cmca-oC16 
0 bcc 
• bce decompression 
• n-tin quenched [24] 





10 	12 	14 	18 
Pressure (GPa) 
FIG. 2. Variation of atomic volume with pressure for the 
Bi40Sn ) alloy in the C,nca-oCl6 and bce phases. Atomic volumes 
for the Bi40Sn60 alloy estimated from volumetric data (Ref. 20) and 
for the quenched $-Sn phase in the BiSn alloy (Ref. 24) are shown. 
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TABLE II. Pre- and post-Cinca-oC16 phases in the elements Si. Ge, Cs, and Rh and in the Bi 40Sn6,, alloy; with the transition pressures 
and volume change, accompanying the transitions. Coordination numbers (CN) for the crystal structures are given. sh:  simple hexagonal 
phase (hPl), bce: body-centered cubic with two atoms in the unit cell (c12), hcp: hexagonal close-packed (hP2), dhcp: double hexagonal 
close-packed (hP4), Cs-TV type: body-centered tetragonal with 4 atoms (t14), space group 14, /amd. 
Substance 	Crystal structure 	Transition pressure 	Cmca-oCI6 	Transition pressure 	Crystal structure 	Ref 
of pre-Cmca phase and volume phase CN=10,11 and volume of post-Crnca phase 
change (A VI V (,) 	 change (A VI V) 
Bi40Sn 0 Bi, CN=3+3 2 G1'a --4% X-phase 14 GPa 0.6% bee, CN=8+6 20, this work 
and /3-Sn, CN=6 
Si sh, CN=2+6 38.4 GPa —5% Si VI 42.5 GPa 1.9% hcp, CN12 2 
Ge sh, CN2+6 100 GPa 1.7% Ge-cnzca 180 GPa 0.7% hcp, CN12 3 
Cs Cs IV, CN8 Cs-IV-type 12 GPa 9.3% Cs V 80 GPa 2% dhcp, CN=12 4,34 
Rb Rb V, CN=8 Cs-IV-type 48 (iPa 3.3% Rh VI >70 GPa •-- (A transition has 5,35 
not been observed yet) 
number increases with pressure from 6-8 (pre-Cmcu 
phases), to 10— 11 (Cmca phase), and finally to 12-14 (post-
cmca phases) for all substances. A rather small volume dif-
ference between the Crnca structure and the higher-pressure 
close-packed structures (bcc, hcp, dhcp) in these examples 
suggests that the Cmca structure can be considered as a 
densely packed structure. 
Summarizing all the observed phases for sp metals and 
alloys, one can conclude that one of the areas of stability for 
these phases is determined by the number of valence elec-
trons which range from 4 to 5. Possible reasons of the sta-
bility of the Cmca-oC16 phases in polyvalent metals are dis-
cussed in terms of Brill ouin-zone --- Fermi-sphere interactions 
in Ref. 16. One can speculate that for alkali metals there is a  
core overlap at very high compression leading to an increase 
in number of electrons in the valence band. 
To conclude, the C'mca-oCl 6 Structure is a common high-
pressure form for polyvalent metals and alloys with the av-
erage number of valence electrons from 4 to 5, and might 
well be found in other alloys with the constituents from 
groups Ill-VI under pressure. Two different atomic sites in 
this structure allow a site-ordering effect, which has been 
observed in the Bi-Sn alloy. 
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